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What goes up 


Federal restrictions on the use of drones by US researchers threaten an increasingly productive tool. 
The scientific community must speak out while there is a chance to change matters. 


hen US regulators ordered the journalism programme 
W: the University of Missouri in Columbia to stop using 

camera-carrying remotely piloted aircraft last year, 
researchers around the country watched in alarm. The drones had 
been flown over private property, with the consent of the landowner. 
They had remained below 120 metres altitude to avoid interfering 
with larger aircraft. Most thought that such flights would be legal. 

They are not, according to the US Federal Aviation Administration 
(FAA). It is well known that the agency has largely banned commercial 
drone flights, pending the development of regulations to ensure their 
safety. But, as we report on page 239, many scientists did not realize 
that the agency considers research and education at private universi- 
ties to be ‘commercial’ activities. It is an unfortunate and distorted 
definition that threatens research programmes in a wide swathe of 
disciplines. Scientists must speak out to make the FAA aware of these 
impacts. 

There is much to say. The FAA has an unfeasibly narrow defini- 
tion of those eligible to apply for special permission to fly unmanned 
aircraft. The agency has applied its historical division between 
government- and civil-operated aircraft to universities, creating a 
nonsensical distinction between public universities that receive a 
substantial amount of government funding and private universities 
that do not. Researchers at public universities are eligible to apply for 
an exemption to the commercial flight ban; researchers at private uni- 
versities are not. 


It is clear that the FAA has a difficult job. Technological advances are 
making drones increasingly appealing for everything from police work 
to package delivery. The agency must forge regulations that will ensure 
the safety and propriety of the machines and how they are used. A 
smattering of drone accidents — including the crash ofa tourist’s drone 
into a famous hot spring in Yellowstone National Park on 2 August — 
underscore the importance of these regulations. The agency should also 
take care not to hamper the burgeoning field’s development. 

Researchers must make their needs heard amid the clamour of 
lobbyists from industrial-drone manufacturers and aeroplane-pilot 
unions. Yet many researchers remain unaware that their work is threat- 
ened. Some continue to fly their machines in blissful ignorance of the 
FAA’ rules. Others knowingly flout the guidance. 

The community needs to spread the word — both to its own 
members and to the FAA — about the threats to research if drone 
use remains restricted. On 23 June, the FAA announced guidance 
intended to clarify its stance on drones, and outlining the distinctions 
that concern researchers. That document is open for public comment 
until 23 September, providing a clear opportunity to voice concerns 
to the agency. 

The FAA is hard at work developing its regulations for drones, and 
intends to release an initial draft before the end of the year. That draft 
will also be open for public comment, but scientists need not wait 
until then to offer the agency their input. It is important to guide the 
discussion before it is too late to change its course. = 


Finding the root 


The NIHis right to investigate whether bias 
makes grant awards unfair. 


receive grants from the US National Institutes of Health (NIH) 

at nearly twice the rate that African American researchers do 
(D. K. Ginther et al. Science 333, 1015-1019; 2011). Although some of 
the disparity could be explained by differences in education, institu- 
tion and publication record, the sheer magnitude of the result seemed 
to suggest that something more insidious was at play. 

The idea that scientists who volunteer time and energy to review 
NIH grants could be biased against qualified minority researchers is a 
tough pill to swallow. The NIH is to be commended for not sweeping 
this possibility under the rug: it has turned to the scientific method to 
investigate the suggestion. Over the next three years, researchers will 
strip names and other identifying information from grant applications, 


A prominent 2011 paper in Science found that white researchers 


text-mine proposals for subtle clues to an applicant's race that might 
subconsciously tip off reviewers, and study reviewer critiques to see 
whether they hold evidence of prejudice (see page 243). 

It is a topic that the NIH will need to broach delicately. Few aca- 
demics consciously hold any such inclinations, and fewer still would 
deliberately allow them to affect their grant evaluations. Some are 
likely to bristle at what might be seen as an accusation of racism, and 
the NIH plans to conduct at least some of its studies of grant reviews 
without the reviewers’ knowledge or consent. 

But better for the NIH to offend a few people than to make snap 
judgements and institute blunt policies to address the problem. Fixes 
such as increasing scholarships and training for minority groups would 
no doubt be a good thing, but they could be an unhelpful use of money if 
they do not address the root cause of the disparity. And policies such as 
grant-allocation quotas could come at the expense of other researchers. 

The NIH says that it will be guided by the data produced. Interven- 
tions could include training programmes on bias for reviewers, or using 
peer reviewers from different demographic groups, such as early-career 
scientists. Ifthe agency does find evidence of bias, fixing it will be a dif- 
ficult task. Unconscious bias, wherever it resides, is a difficult thing to 
turn off, even for the most educated and progressive of people. m 
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KATE BRADY 


WORLD VIEW jevnisicor sen 


ith the worst-ever outbreak of Ebola raging in West Africa, 
W: World Health Organization (WHO) committee last week 

concluded that it is ethical to use unproven drugs and vac- 
cines to try to combat the disease, as long as doctors obtain patients’ 
informed consent. There are no medicines currently approved for rou- 
tine use against Ebola, either to treat infected people or to protect those 
they come into contact with, so we are in uncharted territory. Two 
logical and immediate questions are: what investigational drugs and 
vaccines are available, and what volume of each would be required? 

At the front line, options for therapy and post-exposure treatment 
include passive immunization with monoclonal or polyclonal anti- 
bodies, and antiviral agents. For broader protection, several vaccines 
have been tested on non-human primates. 

With the backing of the WHO, policy-makers 
and funders are now trying to decide which of 
these options to accelerate into active service. 
They need good estimates of how many of these 
drugs and vaccines to manufacture and distrib- 
ute to control an Ebola outbreak. 

Together with colleagues, I have been trying to 
provide such estimates. 

We have separated the people who require 
help into four categories. Most urgently, there 
are those who have already become infected 
with Ebola virus and people close to them, 
such as family members. Next are the medical 
and support staff who treat patients, and those 
who handle the corpses. At less immediate risk 
but still important to protect are essential non- 
medical staff in the region of the outbreak, such 
as humanitarian-aid workers and people who provide key local ser- 
vices. A case can be made that protection should also be offered to key 
domestic government workers and others providing essential logistical 
support. Finally, we have already seen isolated cases of Ebola spread far 
from its West African source by travellers, and policy-makers should 
consider protection for these imported cases. 

The scientific literature holds some information about probable levels 
of exposure in these groups (see go.nature.com/1le6ua). This provides 
the best available evidence base for political and private funding deci- 
sions on the volume of drugs or vaccines that would be required. 

To make this information available, my colleagues and I have con- 
structed a spreadsheet that calculates the total number of people that 
might require treatment for a given outbreak (see go.nature.com/ 
vv98gv). This value is customizable depending on factors such as 
which of the above categories are to be targeted. 


The intention is not to provide exact numbers DNATURE.COM 
of doses required, but rather to scope potential _ Discuss this article 
demand for a number of realistic scenarios. online at: 


This demand is likely to behigher than many __ go.tiafure.com/uryy3v 
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Scale up the supply of 
experimental Ebola drugs 


Estimates of the probable impact of the outbreak show that existing stocks of 
potentially useful medicines are insufficient, says Oliver Brady. 


people realize. For example, our analysis suggests that, even under a 
conservative scenario, up to 30,000 people would have so far required 
treatment or prophylaxis in the current outbreak — substantially more 
than in any previous outbreak. The difference reflects the scale of the 
current emergency, which has made the jump from rural to urban 
areas. The WHO warned last week that reported numbers of cases and 
deaths “vastly underestimate” the size of the problem. 

To estimate the demand for therapeutic or prophylactic agents more 
accurately, more-detailed data on patient contact rates and health- 
care-worker exposure must be collected or made available by the rel- 
evant organizations. These factors are likely to change as the Ebola 
epidemic spreads, treatment centres become available and people are 
quarantined. 

Our estimates may need to be increased if, with 
the transition from rural to urban environments, 
infected people are coming into contact with more 
people. Under such conditions, tracking a person's 
contacts for the full recommended 21 days after 
exposure to the disease becomes logistically chal- 
lenging, and it may be necessary to refine which 
contacts are defined as epidemiologically signifi- 
cant. Policy-makers should consider the role of 
strategies such as mass vaccination and greater use 
of personal protective equipment. 

Our analysis is crude and has very clear limi- 
tations. But it does demonstrate that for treat- 
ment and prevention interventions to be rolled 
out evenly and fairly, stocks must be scaled up 
substantially. It seems that supplies of the mono- 
clonal-antibody therapy ZMapp are already 
exhausted, and available stocks of many other investigational drugs 
are limited to treatment courses for tens or hundreds of people, rather 
than the required thousands or tens of thousands. 

It is clear that the scale of the current outbreak presents a change in 
the development landscape for those invested in Ebola therapeutics. 
As well as the direct disease burden, the unfolding epidemic in West 
Africa has revealed the huge potential for indirect costs brought about 
by political destabilization and crippled health-care services. 

The use of ZMapp has already raised issues of equity of access 
to potentially life-saving therapies. But as WHO assistant director- 
general Marie-Paule Kieny has said: “I don't think that there could be 
any fair distribution of something that exists in such a small quantity.” 

The scale of the ongoing outbreak may tilt the politics and econom- 
ics to speed the development of a drug or vaccine. But it also makes 
it difficult to scale up production and distribution. All involved must 
rise to meet the challenge. m 


Oliver Brady is an epidemiologist at the University of Oxford, UK. 
e-mail: oliver. brady@zoo.ox.ac.uk 
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RESEARCH HIGHLIGHT 


SSS ae 
Antibody-drug 
mix stops relapse 


A combination of antibodies 
and multiple virus-activating 
drugs can keep HIV from 
resurging in infected mice, 
even after treatment ends. 

During drug treatment, 
HIV enters a dormant state 
and stays hidden inside 
infected cells; afterwards, it 
bounces back. A team led by 
Michel Nussenzweig at the 
Rockefeller University in New 
York tested a combination 
of neutralizing antibodies 
and three drugs that activate 
dormant HIV so it is no longer 
hidden. After the treatment 
was given to HIV-infected 
mice, 57% were protected from 
virus resurgence, whereas no 
significant effects were seen in 
mice treated with antibodies 
plus only one inducer or with 
antibodies alone. 

Such drug combinations 
could reduce the reservoir of 
HIV-infected immune cells, 
akey step towards curing the 
disease, the authors say. 

Cell http://doi.org/t7w (2014) 


MATERIALS 


Soft machines 
made like Lego 


Soft, stretchy, Lego-style bricks 
offer a way to make three- 
dimensional (3D) prototypes 
of elastic structures, according 
to researchers at Harvard 
University in Cambridge, 
Massachusetts. 


Selections from the 
scientific literature 


Farmed salmon swim to freedom 


Vastly more salmon could be escaping from 
aquaculture farms (pictured) than is officially 
reported, say Ove Skilbrei and his colleagues 
at the Institute of Marine Research in Bergen, 


Norway. 


Farmed salmon that escape could mate with 
wild populations and make them less fit for 
survival. The researchers tagged more than 
90,000 farmed Atlantic salmon (Salmo salar) 
and released them along the Scandinavian 
coast in 2005. Over the next five years, the team 


‘Click-e-bricks, which 
were developed by George 
Whitesides and his colleagues, 
can be used to build stretchy 
devices, such as hollow ones 
that expand when air is 
injected (pictured) or that 
have internal channels for 
liquid. The approach could 
be used to rapidly make 
prototypes of soft machines, 
such as soft robots, that move 
depending on changes in air 
pressure, current or light. 

The team argues that 
click-e-bricks offer a faster 
alternative to 3D printing, 
which relies on hard acrylic 
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collected data on how many tagged animals 
were recaptured by fishermen. In some cases, 
immature fish were found near their release 
sites, but for adults, the recapture rate after 


1-2 years was less than 0.1%. 


polymers that limit the 
composition and complexity 
of the final structure. 

Adv. Mater. http://doi.org/f2tdnq 
(2014) 


Comets forge 
organic molecules 


Astronomers have captured 
three-dimensional images of 
organic compounds streaming 
from two comets. 

Comets contain some 
of the oldest materials in 
the Solar System. Using the 


Using this probability for recapturing 
escapees, the team estimates that as many as 
1.5 million farmed salmon escape from farms in 
Norway each year — significantly more than the 
413,000 escapees that are reported annually. 
ICES J. Mar. Sci. http://doi.org/t6t (2014) 


Atacama Large Millimeter/ 
submillimeter Array (ALMA) 
in Chile, Martin Cordiner of 
the NASA Goddard Space 
Flight Center in Greenbelt, 
Maryland, and his colleagues 
made detailed observations of 
chemicals flying off the comets 
Lemmon and ISON. Hydrogen 
cyanide flowed smoothly 
from the comets’ nuclei, 
whereas hydrogen isocyanide 
formed clumps and jets. Both 
chemicals almost certainly 
formed within the comets, 
perhaps asa result of other 
large molecules breaking apart. 
Such comet-formed 


JEAN GAUMY/MAGNUM PHOTOS 


STEPHEN A. MORIN, HARVARD UNIV. 


MICHAEL RUBENSTEIN, HARVARD UNIV. 


compounds could have been 
important for kicking off the 
chemistry that led to life on 
Earth, the researchers say. 
Astrophys. J. Lett. 792, L2 (2014) 


MICROBIOLOGY 


How Salmonella 
bounces back 


Two groups have shown how 
Salmonella bacteria can resist 
antibiotics. 

Dirk Bumann of the 
University of Basel in 
Switzerland and his colleagues 
infected mice with modified 
Salmonella strains that glow 
green when they divide. They 
found varying rates of division 
in different tissues, and most 
of the bacteria that survived 
antibiotic treatment had a 
moderate growth rate. 

Ina separate study, Médéric 
Diard at the Swiss Federal 
Institute of Technology in 
Zurich and his co-workers 
found that whereas antibiotics 
kill off less-dangerous 
Salmonella mutants in the 
mouse gut cavity, the more- 
virulent strains escape by 
hiding inside the gut tissue. 
After antibiotic treatment 
ended, the more-virulent 
bacteria repopulated the gut. 

The findings could point to 
new strategies for antibiotic 
treatment, the authors say. 
Cell 158, 722-733 (2014); Curr. 
Biol. http://doi.org/t7z (2014) 


ASTRONOMY 


Dusty visitors from 
interstellar space 


Seven particles captured by 
NASAs Stardust spacecraft may 
be the first sample of dust from 
beyond the Solar System that 
has been brought back to Earth. 
Andrew Westphal at the 
University of California, 
Berkeley, and his colleagues — 
with the help of 30,714 citizen 
scientists around the world — 
scanned more than 1 million 
images of tracks left by particles 
on Stardust’s collectors. They 
identified seven candidates 
with a surprising variety 
of crystal structures and 
elemental compositions. 


These particles could help 
to explain the origin and 
evolution of interstellar dust, 
which current astronomical 
observations can only guess at. 
Science 345, 786-791 (2014) 


CONSERVATION BIOLOGY 


Poaching leads to 
elephant decline 


The illegal killing of elephants 
in Africa to supply the 

ivory trade has reached 
unsustainable rates. 

George Wittemyer at 
Colorado State University in 
Fort Collins and his colleagues 
used data from elephant 
carcass surveys in 45 sites 
across Africa to model broader 
trends in elephant poaching on 
the continent. They found that 
levels of illegal killing peaked 
in 2011 at 8% of the global 
population, leading to the loss 
of roughly 40,000 elephants, 
ora 3% overall reduction in 
animal numbers that year. 

Decreasing demand for ivory 
in China is key to conserving 
elephants, say the authors. 

Proc. Natl Acad. Sci. USA 
http://dx.doi.org/10.1073/ 
pnas.1403984111 (2014) 


Secret to Ebola’s 
success 


The Ebola virus might elude 
immune responses by stopping 
a key protein in infected cells 
from activating defence genes. 

Ebola, which kills up to 90% 
of people it infects, is known 
to disrupt the activity of 
interferon, a crucial antiviral 
protein. Gaya Amarasinghe 
at Washington University 
School of Medicine in St Louis, 
Missouri, and his colleagues 
found that an Ebola viral 
protein blocks the transport 
of an interferon-activated 
protein called STAT 1 into the 
cell nucleus. STAT 1 is needed 
in the nucleus to stimulate 
defence mechanisms. 

The results suggest new 
drug targets in the ongoing 
fight against the virus. 

Cell Host Microbe 16, 187-200 
(2014) 


RESEARCH HIGHLIGHTS MiiiSaiiaa¢ 


SOCIAL SELECTIO 


Popular articles 
on social media 


Strong words over a ‘Hobbit’ 


Two papers stirred up the palaeoanthropology world by 
suggesting that Homo floresiensis — a putative human relative 
discovered on the Indonesian island of Flores in 2003 — was 
instead an example of Homo sapiens with Down's syndrome. 
The theory, in the Proceedings of the National Academy of 
Sciences, was greeted with much scepticism. As part ofa string 
of tweets, anthropologist Holly Dunsworth at the University 
of Rhode Island in Kingston said: “Conclusion [is] based 
seemingly on zilch” Co-author Robert Eckhardt, a geneticist 
at Pennsylvania State University, defended the diagnosis in a 
comment posted on a blog of the Natural History Museum in 
London, saying that his group and others have spent the past 
decade “trying to turn the ‘Hobbit circus into science”. 

Proc. Natl Acad. Sci. USA http://doi.org/t66; http://doi.org/t65 (2014) 


Based on data from altmetric.com. 
Altmetric is supported by Macmillan 
Science and Education, which owns 
Nature Publishing Group. 


Robot swarms 
take shape 


A thousand-strong army of 
coin-sized robots (pictured) 
can arrange itself into various 
configurations. 

Michael Rubenstein and 
his co-workers at Harvard 
University in Cambridge, 
Massachusetts, programmed. 
1,024 robots with a simple set 
of rules and an image ofa shape 
to be formed. Four ‘seed robots’ 
act as a point of origin fora 
coordinate system and send 
their coordinates to neighbours 
using infrared light. This 
information spreads through 
the group, allowing each 
robot to determine its relative 
location in the swarm. 


> NATURE.COM 
For more on 
popular papers: 
go.nature.com/qizfui 


The robot flock can form 
programmed shapes — such 
as the letter “K’ — in around 
12 hours and is the largest 
yet to demonstrate collective 
behaviour, the authors say. 
Science 345, 795-799 (2014) 


CLARIFICATION 

The Research Highlight 
‘Brain scans predict TV hits’ 
(Nature 512, 8; 2014) notes 
that Jacek Dmochowski 

is at Stanford University; 
however, the research 
described was done at the 
City College of New York. 


© NATURE.COM 

For the latest research published by 
Nature visit: 
www.nature.com/latestresearch 
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SEVEN DAYS sescnsi 


European data law 


Proposed amendments to the 
law that regulates the use of 
personal data in the European 
Union will stifle research, 
warned leading research 
organizations in an open letter 
on 12 August (see go.nature. 
com/jchze8). The letter argues 
that the changes would make 
the law too heavy-handed in 
its requirements for individual 
consent for the use of personal 
data in research, and “would 
limit our ability to ensure 
European policy making is 
informed by the most robust 
evidence base”. Negotiations 
on the legislation, which is 
expected to be finalized by the 
end of the year, are reaching 
their final stages. 


Forest threat 
Changes in Indonesia’s 
government could put the 
country’s progress in forest 
protection at risk, says an 

18 August report from the 
Norwegian government. 

In 2010, Norway — the 
largest funder of the United 
Nations’ Reducing Emissions 
from Deforestation and 
Forest Degradation (REDD) 
programme — pledged 

US$1 billion to help protect 
Indonesia's forests. Indonesia 
recently overtook Brazil to 
have the world’s highest rate of 
deforestation. 


Endangered species 
The US Fish and Wildlife 
Service has dropped its bid to 
protect wolverines (Gulo gulo) 
under the Endangered Species 
Act. Wolverines inhabit 
snow-covered areas, including 
mountains; the agency last 
year proposed to list the 
species as being endangered 
by the effects of climate change 
on its habitat. On 12 August, 
the service announced that it 
was withdrawing the proposal, 
saying that “climate change 


Satellite brings Earth into focus 


A commercial satellite that will produce the 
sharpest images of Earth yet was launched 
on 13 August by DigitalGlobe, a company 

in Longmont, Colorado. The WorldView-3 
satellite will image the planet at a resolution 
of 31 centimetres per pixel. The company 
previously had to limit the images it sells to 
consumers to 50-centimetre resolution, until 
the US Department of Commerce relaxed its 


models are unable to reliably 
predict snowfall amounts and 
snow-cover persistence in 
wolverine denning locations”. 
Polar bears and two types of 
ice-dwelling seal are the only 
animals listed because of the 
impacts of climate change. 


EVENTS 


Ebola crisis 

The Ebola epidemic in West 
Africa has worsened. As of 

16 August, 1,229 deaths had 
been reported in Guinea, 
Nigeria, Liberia and Sierra 
Leone, but the World Health 
Organization (WHO) said that 
is probably an underestimate. 
On 16 August, a mob attacked 
a quarantine centre in 
Monrovia, Liberia. Meanwhile, 


236 | NATURE | VOL 512 | 21 AUGUST 2014 
© 2014 Macmillan Publishers Limited. All rights reserved 


the Canadian government said 
that it would donate hundreds 
of doses of an experimental 
vaccine to the WHO for use in 
West Africa, and three infected 
Liberian health workers were 
given a different experimental 
treatment called ZMapp. 

The WHO concluded that 

it is ethical to use unproven 
drugs against Ebola, but 
warned against “unrealistic 
expectations”. See page 233 

for more. 


Researcher suicide 
A suicide note left by a leading 
Japanese stem-cell researcher 
says that a media onslaught 
around the retraction of two 
papers that he co-authored 
led him to take his own life 

on 5 August, a lawyer for 


rules in June to allow the sale of images with 
25-centimetre resolution. The move means that 
Earth imaging will finally catch up with that of 
Mars — NASA’ Mars Reconnaissance Orbiter 
has been capturing the red planet at a similar 
resolution to WorldView-3’s since 2006. The 
improved imagery will enable more-precise 
mapping of farmland and forests, and will help 
mining and oil companies in exploration. 


his family said in a press 
conference on 12 August. 
Yoshiki Sasai was a renowned 
scientist at the RIKEN 
Center for Developmental 
Biology in Kobe, Japan. He 
co-authored two ostensibly 
groundbreaking papers that 
were published in Nature 

in January, but retracted in 
July after problems with the 
data emerged. A RIKEN 
investigation committee 
had found Sasai to hold 
“grave responsibility” for 
poor oversight of the work, 
but concluded that he was 
innocent of involvement 
with the problematic data. It 
found the papers’ lead author, 
Haruko Obokata, guilty of 
misconduct. See go.nature. 
com/2godrn for more. 
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Research ship 


Australia’s purpose-built 
research vessel, Investigator, 
will leave a shipyard in 
Singapore on 25 August for 
its home port of Hobart in 
Tasmania. Officials from the 
Commonwealth Scientific 
and Industrial Research 
Organisation (CSIRO) took 
possession of the Aus$122- 
million (US$113-million) 
ship on 4 August, months 
later than expected owing 

to construction delays. 
Investigator can accommodate 
up to 40 scientists and will 
venture farther south than 

its predecessor, Southern 
Surveyor. But budget cuts at 
CSIRO mean that the ship will 
operate for only 180 days a 
year, rather than the 300 days 
researchers had hoped for. 


Fields medals 


Mathematician Maryam 
Mirzakhani (pictured) 
became the first woman to 

win a Fields Medal, the highest 
honour in mathematics. The 
International Mathematical 
Union revealed the four 2014 
medal winners on 12 August. 
Fields medals, which each 
come with a Can$15,000 
(US$13,700) prize — are 
awarded every four years to 
researchers aged 40 or younger. 
Mirzakhani, who is at Stanford 


TREND WATCH 


China and the United States have 
the greatest installed wind-power 
capacity of any country, according 
to an 18 August report from 

the US Department of Energy. 
But the United States added just 
1.1 gigawatts last year, placing 

it sixth in annual growth. The 
United States ranks even lower in 
terms of how much of the energy 
that it consumes comes from wind 
power (see graph). US firms had 
little motivation to finish plants 

in 2013 because projects only had 
to start construction by the year’s 
end to qualify for tax credits. 


University in California, won 
for her work on “the dynamics 
and geometry of Riemann 
surfaces and their moduli 
spaces”. The three other 
medallists are Manjul Bhargava 
of Princeton University in New 
Jersey, Martin Hairer of the 
University of Warwick, UK, 
and Artur Avila of the Institute 
of Mathematics of Jussieu in 
Paris. See go.nature.com/sklvtd 
for more. 


| RESEARCH 
Costs of misconduct 


Scientific misconduct has 
wasted around US$58 million 
of funding from the US 
National Institutes of Health 
(NIH) between 1992 and 
2012, according to a study 
published on 14 August 

(A. M. Stern et al. eLife 3, 
e02956; 2014). Ferric Fang 
from the University of 
Washington, Seattle, and 

his colleagues estimated the 
cost by adding up grants 
that funded papers that were 


BETTING ON WIND POWER 


retracted for misconduct, and 
grants to authors censured for 
misconduct by the Office of 
Research Integrity. The total is 
less than 1% of the NIH budget 
over the 20 years. 


Reef under threat 


The outlook is poor for the 
iconic Great Barrier Reef 

off the coast of Queensland, 
Australia, according to a report 
released last week. Climate 
change is the greatest threat, 

as rising sea temperatures 
increase the risk of coral 
bleaching and water becomes 
more acidic. Nutrient and 
pesticide pollution from land, 
overfishing and destruction 

of coastal habitat continue to 
be problems, says the Great 
Barrier Reef Marine Park 
Authority. In April, the reef 
narrowly missed being listed 
as ‘in danger’ when the United 
Nations Educational, Scientific 
and Cultural Organization 
(UNESCO) considered the 
conservation status of its world 
heritage sites. 


Tobacco control 


European legislation to 
regulate tobacco was shaped 
by the tobacco industry, 
according to a study published 
on 13 August (H. Costa et al. 
Tob. Control http://doi.org/t75; 
2014). Researchers scrutinized 
draft texts of proposed 
revisions to Europe’s tobacco- 
regulation law and found 

that changes to texts between 


Denmark has been generating a greater proportion of its electricity 
through wind power than most other countries for several years. 
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2010 and 2013 resembled 
statements from the tobacco 
industry much more closely 
than those of health groups. 
Aggressive lobbying from 
the industry was “associated 
with significant policy shifts” 
towards the tobacco industry, 
such as the scaling back of 
proposed limits on where 
cigarettes could be sold, 

the paper adds. The revised 
legislation was adopted in 
March 2014. 


BRAIN grants 

On 18 August, the US 
National Science Foundation 
awarded 36 small grants 
totalling US$10.8 million 

to projects in President 
Barack Obama's Brain 
Research through Advancing 
Innovative Neurotechnologies 
(BRAIN) Initiative. The 
agency originally planned 

to fund about 12 grants, 

but decided to triple that 
number after receiving nearly 
600 applications. Selected 
projects include models that 
help computers to recognize 
different parts of and patterns 
in the brain. Nearly all projects 
were awarded the maximum 
amount of $300,000 over two 
years. See go.nature.com/ 
qwhwld for more. 


Insomnia drug 

The US Food and Drug 
Administration approved 

on 13 August the first drug 

for insomnia that works by 
interfering with the signalling 
of neurotransmitters called 
orexins, which regulate 
wakefulness. The drug, called 
suvorexant (Belsomra), is 
made by Merck of Whitehouse 
Station in New Jersey, and will 
be available in four strengths. 
The company had originally 
petitioned for approval of 
higher doses, but was rebuffed 
last year by regulators amid 
concerns about the risk of 
next-day drowsiness. 


> NATURE.COM 
For daily news updates see: 
WwW.nature.com/news 
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US archaeologist Chris Roosevelt can use a drone for research in Turkey, but home is a no-fly zone. 


US drone research hits 
regulatory turbulence 


Federalrules ground scientists using remotely piloted aircraft at private universities. 


BY HEIDI LEDFORD 


ver the past few months, archaeolo- 
() gist Chris Roosevelt has been remotely 

piloting a petite six-rotor helicopter 
named Hydra over western Turkey, snapping 
high-resolution photographs of the scrubby 
terrain. The pictures will be assembled into 
three-dimensional maps to help Roosevelt and 
his colleagues to understand how people who 
built a kingdom in the region 3,500 years ago 
interacted with the landscape. But back home 


at Boston University in Massachusetts, he is not 
allowed to fly the copter — not even to teach 
budding archaeologists on campus how to use it. 

On 23 June, the US Federal Aviation Admin- 
istration (FAA) told drone users that such 
aircraft cannot be flown for ‘commercial’ use — 
defined as any activity that is not recreational or 
part ofa government programme. That includes 
research and teaching at private, but not public, 
universities. Even though the announcement 
merely clarified existing rules, it caught many 
by surprise and reinforced a seemingly arbitrary 


dichotomy that treats researchers differently on 
the basis of their institutional affiliation. 

“Tt would be the rare person to think of 
archaeological activities as a commercial 
enterprise,’ says Roosevelt. “But for the FAA, 
commercial automatically includes education 
and research.” 

Drones’ small size, low cost and long-lasting 
batteries have made them popular in research 
and business. Scientists deploy the machines to 
study everything from atmospheric science to 
zoology, and companies are eager to harness 
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> them for aerial photography and package 
delivery. This has put the FAA under pressure to 
develop regulations prohibiting uses of drones 
that compromise safety or violate privacy. A few 
years ago, the US Congress ordered the FAA to 
develop such rules by September 2015. But ina 
report this July, the US Department of Trans- 
portation’s inspector general expressed doubt 
that the FAA would make its deadline. 

The administration has shut down almost 
all commercial drone flights until those regula- 
tions are in place — to the ire of some research- 
ers. “The FAAS severe restrictions on research 
and education are out of all proportion to the 
actual risks posed by small-model aircraft used 
responsibly on private property, says Paul Voss, 
an engineer who does atmospheric research at 
Smith College in Northampton, Massachusetts. 
On 25 July, Voss and 28 of his colleagues wrote 
to the FAA outlining their concerns. Because 
the agency is forbidden by law to put such severe 
restrictions on model aircraft flown by hobby- 
ists, they say, it has established a bizarre double 
standard in which recreational users can pilot 
drones but trained researchers cannot. 


Geographer Scott Drzyzga of Shippensburg 
University in Pennsylvania, for example, 
enjoys flying small helicopters in his free time, 
and had hoped to show his students how to 
use them to capture geographical information. 
“There are things I can do asa recreational user 
that I cannot do in front of my students,” he 
says. “It’s frustrating.” 

Alison Duquette, a spokesperson for the FAA, 
says that the distinction has been in place for 
years, and the agency has always made it clear. 

Engineer Mary Cummings at Duke Uni- 
versity in Durham, North Carolina, hopes to 
overcome the regulatory obstacle by teaming 
with colleagues at a nearby public university to 
test drones for wildlife tracking. But for now 
the FAA rules confine her to indoor testing — 
poor conditions for determining whether her 
machines can follow animals in the wild. “We 
are looking to go to another country to address 
this problem,’ she says. 

Even at public universities, red tape and legal 
fears have spooked researchers who want to 
use drones. Larry Purcell, a crop scientist at 
the University of Arkansas in Fayetteville, 


has used the devices to monitor the effects of 
drought on soya beans. He did not know that 
he was required to fill out a 50-page application 
for each field he wanted to survey. Instead, he 
sought and obtained verbal permission from 
FAA staff at a local airport. Shortly after his 
university issued a press release about his work 
in 2011, Purcell received a cease-and-desist let- 
ter from the FAA’ regional office. “It’s still very 
confusing as to what's allowed right now and 
what's not,” he says. Purcell has turned to kites 
to carry his cameras aloft, but the compromise 
has its shortcomings: no wind means no data. 

Others at both public and private institutions 
have continued their work without notifying the 
agency. Several scientists contacted by Nature 
declined to describe their work with drones, for 
fear of drawing FAA attention. 

And some have gone to extremes to stay 
out of trouble. A few years ago, Voss designed 
200-gram drones small enough to pack into a 
suitcase for field work in Antarctica. The craft 
worked well, but he has since got rid of them. “I 
don’t even want them in the lab? he says. “I want 
to be squeaky clean.” m SEE EDITORIAL P.231 
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Double threat for Tibet 


Climate change and human development are jeopardizing the plateau’s fragile environment. 


BY JANE QIU IN LHASA 


comprehensive environmental assess- 
A= of the Plateau of Tibet has found 

that the region is getting hotter, wetter 
and more polluted, threatening its fragile eco- 
systems and those who rely on them. 

The plateau and its surrounding mountains 
cover 5 million square kilometres and hold 
the largest stock of ice outside the Arctic and 
Antarctic; the region is thus often referred to 
as the Third Pole. And like the actual poles, 
it is increasingly feeling the effects of climate 
change, but rapid development is putting it 
doubly at risk, the report says. 

Released in Lhasa on 9 August by the Chinese 
Academy of Sciences (CAS) and the govern- 
ment of Tibet, the assessment aimed to address 
gaps in knowledge about the extent of the prob- 
lems the 4,500-metre-high plateau faces. It finds 
that precipitation has risen by 12% since 1960, 
and temperatures have soared by 0.4°C per 
decade — twice the global average. 

In addition, glaciers are shrinking rapidly and 
one-tenth of the permafrost has thawed in the 
past decade alone. This means that the number 
of lakes has grown by 14% since 1970, and more 
than 80% of them have expanded since, devas- 
tating surrounding pastures and communities. 


a eihe, plateau caused by climate change and human 


~ RUNNING RCE 


_The Plateau of Tibet is the source of most of 
“Asia's major rivers. Changes in the environment of 


LY | Dxeors > activity could affect billions of people whose 


The plateau feeds Asia's biggest rivers (see 
‘Running wild’), so these problems are likely to 
affect billions of people, the report says. Pollu- 
tion from human and industrial waste as a result 
of rapid development is also a serious risk. 
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livelihood depends on the river flow. 


But the assessment also suggests ways to 
combat the problems, calling on the Chinese 
and Tibetan governments to make conservation 
and environmental protection top priorities. It 
will help in the design of “policies for mitigating 


KIERAN DODDS/PANOS 


ANDREW HARRER/ 
BLOOMBERG/GETTY 
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Hot, dry weather and progressive urbanization are turning grasslands into sand near the headwaters of the Yellow, Yangtze and Mekong rivers. 


climate change and striking a balance between _ Engineering Research Institute in Lanzhou. “Its of Asian monsoons. It also has important rami- 
development and conservation’ says Meng Deli, an environmental menace.’ fications for the livelihood of downstream river 
Tibet's vice-chairman. A bigger threat comes from mining. Accord- | communities because the glaciers, permafrost 
“The Tibetan plateau is getting warmer and _ing to the assessment, Tibetan mines produced and ecosystems act as a giant sponge, helping to 
wetter, says Yao Tandong, director ofthe CAS —_ 100 million tonnes of wastewater in 2007 and __ control the release of water and prevent floods. 
Institute of Tibetan Plateau Research in Bei- 18.8 million tonnes of solid waste in 2009. “The significance of the assessment goes beyond 
jing, who led the assessment. This means that Because most of the mines are open pits and _ national borders,’ says David Molden, head of the 
vegetation is expanding to higher elevationsand _ have limited environmental oversight, “air, International Centre for Integrated Mountain 
farther north, and growing seasons are getting _ water and soil pollution is particularly serious’, Development in Kathmandu. 
longer. But some areas, such as the headwater says the report. Officials 7 ‘Temperatures in the plateau are projected to 
region of Asia's biggest rivers, have become __ release few details about Tibet will be rise by between 1.7°C and 4.6 °C by the end of 


warmer and drier and are being severely actual pollutionlevels. 4 test case of 2100 compared with the 1996-2005 average, 
affected by desertification and grassland and Pollution is com- howseriously _ based on the best- and worst-case global-emis- 
wetland degradation. ing not just from local China takes sions scenarios. So as urbanization and climate 
Human activity, too, ison the rise. The popu- sources. Dust, blackcar- ecological change tighten their grip, researchers worry 
lation of the plateau reached 8.8 million in 2012, bon, heavy metals and protection.” that unbridled development will devastate the 
about three times higher thanin 1951. Andthe other toxic compounds plateau’s environment. To protect it, the report 
number of livestock has more than doubled, are being blown in from Africa, Europe and _ says, the central government must evaluate local 
putting more strain on grasslands. southern Asia. The dust and carbon residues _ officials on the basis of their environmental, not 
are darkening glaciers, making them more sus- _ just economic, achievements. It must also invest 
MULTIPLE MENACES ceptible to melting, and the toxic chemicals are more in ecological compensation, for example 
Growing urbanization is creating more waste _ poisoning crops, livestock and wildlife. by paying herders more to cut their livestock 
than the region can handle. Tibet has the capac- But the threats from mining and pollution numbers. Moreover, it must be much more open 
ity to treat 256,000 tonnes of domestic solid are dwarfed by the potential repercussions of about pollution incidents. 
waste a year, less than the amount generated _ changes in ice and vegetation cover, the assess- “Tibet will be a test case of how seriously 


by its two largest cities, Lhasa and Shigatse. ment says. Different surfaces — snow, grassland, China takes ecological protection,” says Yao. 
“You see a lot of rubbish lying around the pla- desert — reflect and absorb differentamounts “Safeguarding the plateau environment is 
teau, including headwater regions; says Kang _ of solar radiation, affecting how the air above crucial not only for sustainable development of 
Shichang, a glaciologist at the CAS Institute them is heated. This means that changes incov- _ the region, but also to social stability and inter- 
of Cold and Arid Regions Environmental and _ erage are likely to affect the onset and strength national relations” = 
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MICHAEL RUBENSTEIN, 
HARVARD UNIV. 


ARCHAEOLOGY 


Archaeologist Tom Higham has dated Neanderthal jawbones and other samples from across Europe. 


Whee 


Bone technique 


redrafts prehistory 


Carbon-dating improvements show that Neanderthals 
disappeared from Europe much earlier than thought. 


BY EWEN CALLAWAY 


eanderthals and humans lived 
Nee= in Europe for thousands of 

years, concludes a timeline based on 
radiocarbon dates from 40 key sites across 
Europe. The results’, published today in 
Nature, may help to end a century-old dead- 
lock over the demise of the Neanderthals and 
their relationship to humans. 

The researchers used 196 radiocarbon dates 
of organic remains to show that Neanderthals 
disappeared from Europe around 40,000 years 
ago, but still long after humans arrived in the 
continent. “Humans and Neanderthals were 
living contemporaneously for quite some 
period of time in different parts of Europe,” 
says Tom Higham, an archaeologist at the 
University of Oxford, UK, who led the study. 
The long overlap provided plenty of time for 
cultural exchange and interbreeding, he adds. 

Exactly what happened 30,000-50,000 years 
ago still vexes archaeologists because the 
period is right at the limit of accurate radio- 
carbon dating. The technique is based on 
measuring the steady loss of radioactive 
carbon-14 molecules in organic remains. 
But after 30,000 years, 98% of the isotope 


is gone and younger carbon molecules are 
starting to infiltrate bones, making remains 
seem younger than they are. This means that 
dates for the final Neanderthals and for the 
first human occupations of Europe have been 
unreliable, fomenting the debate. 

But over the past decade, Higham and his 
team have developed techniques that pro- 
vide more accurate readings in bones up 
to 55,000 years old (see Nature 485, 27-29; 
2012). First, they use a chemical pretreatment 
to remove the contaminating carbon from 
the collagen in bones, then they measure the 
minuscule amounts of radiocarbon using a 
particle accelerator. 

The technique has allowed the research- 
ers to redraft the prehistory of Europe cave 
by cave, and show that early humans arrived 
in southwestern England’ and Italy’s ‘heel’*, 
for example, well over 40,000 years ago. They 
have now applied the technique to Nean- 
derthal occupations across Europe, which 
are associated with 
stone tools known as 
Mousterian artefacts. 
From the Black Sea to 
the Atlantic coast of 
France, these artefacts 


Watch an animation 
of the Neanderthal 
timeline: 
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and Neanderthal remains disappear from 
European sites at roughly the same time, 
39,000-41,000 years ago, Higham’s team 
conclude. The data challenge arguments 
that Neanderthals endured in refuges in the 
southern Iberian Peninsula until as recently 
as 28,000 years ago’. 

Humans, argues Higham’s team, were in 
Italy as early as 45,000 years ago, where they 
developed a stone-tool culture known as the 
Uluzzian industry. The team estimates that 
humans and Neanderthals overlapped for up 
to 5,400 years in parts of southern Europe, yet 
to a much lesser extent or not at all in other 
parts of the continent. “They were certainly 
in the same areas,” Higham says. 

The coexistence also supports a controver- 
sial idea that some Neanderthal artefacts, such 
as shell beads and stone tools of the Chatelper- 
ronian industry that appeared in France and 
Spain more than 40,000 years ago, emerged 
from contact with humans, Higham says. 


PLENTY OF TIME 

“I absolutely agree with Tom,” says Paul 
Mellars, an archaeologist at the University 
of Cambridge, UK, who has long champi- 
oned the idea that Neanderthals borrowed 
technologies from humans. “There would 
be opportunities for contacts or interactions 
thousands of times in most, if not all, areas of 
Europe,’ he says. 

Others are more sceptical. Clive Finlayson, 
director of the heritage division at the 
Gibraltar Museum whose team dated the 
28,000-year-old Neanderthal charcoal 
remains from the tip of Gibraltar’, questions 
the timeline’s sweeping conclusions. Archae- 
ologists are unlikely to ever find the last 
Neanderthal occupation, he argues, and the 
methods that Higham’s team used to remove 
contamination do not work well for bones 
from warmer sites because collagen is not 
preserved as well there as in cooler sites. This 
would be the case in southern Iberia, where 
Finlayson believes the last Neanderthals lived. 
“Tm hugely worried that we're building a castle 
in the air here,” he says. 

Meanwhile, Higham hopes that the time- 
line will address other mysteries surround- 
ing Neanderthals, such as why they died out 
and how they interacted with humans. DNA 
recovered from remains in Europe and western 
Asia, for example, show that humans and Nean- 
derthals interbred more than 50,000 years ago, 
probably as the common ancestor of Europeans 
and Asians emerged from Africa. 

There is still no evidence that humans and 
Neanderthals interbred while in Europe, but 
thousands of years of overlap makes sex more 
likely, Higham says. “I do like the idea that they 
arent really extinct and they do live on in us.” = 


. Higham, T. et al. Nature 512, 306-309 (2014). 
. Higham, T. et al. Nature 479, 521-524 (2011). 
. Benazzi, S. et al. Nature 479, 525-528 (2011). 
. Finlayson, C. et a/. Nature 443, 850-853 (2006). 
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NIH to probe racial disparity 
in grant awards 


US agency will assess whether grant reviewers are biased against minority applicants. 


BY SARA REARDON 


ichard Nakamura, director of the Center 
R for Scientific Review at the US National 

Institutes of Health (NIH), does not 
consider himself to be racially biased. Yet a 
test of his speed at associating certain words 
with faces of different races revealed a slight 
unconscious prejudice against minorities. If the 
director of the institute that oversees the NIH’s 
grant process harbours these inclinations, he 
wonders, are grant reviewers affected as well? 

To answer that question, the NIH will launch 
ambitious analyses beginning in September to 
determine whether bias hampers minority sci- 
entists who seek agency funding. A 2011 study 
in Science found that white researchers receive 
NIH grants at nearly twice the rate that Afri- 
can American researchers do (see ‘Grant gap’). 
Even when factors such as publication record 
and training are considered, an African Ameri- 
can scientist is still only two-thirds as likely as a 
white scientist to be funded (D. K. Ginther et al. 
Science 333, 1015-1019; 2011). The disparity 
seems to arise early during the review process, 
when grants are first rated. 

The findings spurred the NIH to launch 
a ten-year, US$500-million effort in 2012 to 
train and mentor minority scientists. But offi- 
cials acknowledge that the racial gap among 
grantees is not just because there are fewer 
qualified applications from minority research- 
ers. Now the agency will look inward to deter- 
mine where its grant process may be failing 
— and what to do about it. 

One basic issue that the NIH will address 
is whether grant reviewers are thinking about 
an applicant's race at all, even unconsciously. 
A team will strip names, racial identification 
and other identifying information from some 
proposals before reviewers see them, and look 
at what happens to grant scores. (Such identity 
stripping is surprisingly difficult: even cita- 
tions might reveal who the applicant is, and 
reviewers need some information about an 
applicant to make a fair appraisal.) The results 
could be telling. “If the disparity drops with 
anonymization, that’s clear evidence of bias,” 
says Nakamura. 

Such a finding would be in line with other 
results in this area. A study published this year 
found that faculty members in US universities 
are less likely to respond to interview requests 
from prospective students whose names are 


GRANT GAP 


Scientists from racial minority groups are less 
likely than white applicants to receive research 
funding from the US National Institutes of Health. 
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associated with minority groups than they 
are to identical requests from students with 
‘white names (K. L. Milkman et al. Soc. Sci. Res. 
Network http://doi.org/t9h; 2014). 

The NIH will also study reviewers’ work in 
finer detail, by analysing successful applications 
for RO1 grants, the NIH’s largest funding pro- 
gramme for individual investigators. The goal 
is to see whether researchers can spot trends 
in the language used by reviewers to describe 
proposals put forward by applicants of different 
races. There is precedent for detectable differ- 
ences: in a paper to be published in Academic 
Medicine, a team led by Molly Carnes, a physi- 
cian at the University of Wisconsin-Madison, 
used automated text analysis to show that 
reviewers critiques of RO1 grant applications by 
women tended to include more words denot- 
ing praise, as though the writer is surprised at 
the quality of the work. And numerous other 
studies show that different standards exist for 
men and women ina variety of fields. “Women 
do, indeed, have to be twice as good to get the 
same competence rating as a man,’ says Carnes. 

The NIH will also analyse text in samples of 
reviewers unedited critiques. The Center for 
Scientific Review typically edits the wording 
and grammar of these reviews before grant 
proposals are returned to applicants, but even 
the subtlest details of such raw comments 
might hold clues about bias. Nakamura says 
that reviewers will not be told whether their 
comments will be analysed, because that in 
itself would bias the sample. “We want them 
to be sloppy,’ he says. 

The NIH’s Study Sections, in which 


review groups discuss the top 50% of grant 
applications, might also harbour bias: the 
2011 Science paper found that submissions 
authored by African Americans are less likely 
to be discussed in the meetings. But when they 
are, a negative comment arising from even one 
person's unconscious bias could have a major 
impact in such a group setting, says John 
Dovidio, a psychologist at Yale University in 
New Haven, Connecticut, and a member of 
the NIH’s Diversity Working Group. “That one 
person can poison the environment,’ he says. 

Even if the NIH investigation does not turn 
up evidence of bias, it may still reveal some of 
the causes of the racial disparity in the NIH’s 
grant-making process. Perhaps grants from 
minority researchers are more likely to be writ- 
ten in a way that does not appeal to reviewers, 
says Monica Basco, executive secretary of the 
Diversity Working Group’s peer-review sub- 
committee. That would suggest fixes such as 
grant-writing help. Evidence of bias would be 
harder to address, and any interventions would 
need to be tailored to address the point at which 
it occurs, says Basco. 

Nakamura expects that the NIH’s effort to 
identify and root out prejudice, which he says 
could cost up to $5 million over three years, 
might prove controversial. “People resent the 
implication they might be biased,” he says — 
an idea borne out by some responses to his 
29 May blogpost on the initiative. One com- 
menter wrote, “It is absolutely insulting to be 
accused of review bigotry. Please tell me why I 
should continue to give up my time to perform 
peer review?” 

But Nakamura believes that the NIH — 
and reviewers — need to keep open minds. 
After all, he says, “we are human beings with 
emotions and feelings we're not in control 
of”. m SEE EDITORIAL P.231 


CORRECTIONS 

The News Feature ‘Scientists and the social 
network’ (Nature 512, 126-129; 2014) gave 
the wrong affiliation for Laura Warman, who 

is at the University of Hawaii at Hilo. And 

the News story ‘Health check for deep-sea 
mining’ (Nature 512, 122-123; 2014) gave 
an incorrect list of the resources found around 
deep-sea vents. In fact, only polymetallic 
sulphides are common near the vents. 
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SOURCE: D. K. GINTHER ET AL. SCIENCE 333, 1015-1019 (2011) 


SAMPLES FROM A LAKE 


HIDDEN UNDER 800 METRES 
OF ICE CONTAIN THOUSANDS 
OF MICROBES AND HINT AT 


VAST ECOSYSTEMS YET 10 
BE DISCOVERED. 
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John Priscu 
carries a sample 
from subglacial 
J Lake Whillans. 


J.T. THOMAS 


cold breeze blew off the Antarctic plain, 
numbing the noses and ears of scientists 
standing around a dark hole in the ice. Flecks of 
ice crackled off a winch as it reeled the last few 
metres of cable out of the hole. Two workers in 
sterile suits leaned over to grab the payload —a 
cylinder the length of a baseball bat — dangling 
at the end of the cable. They used a hammer 
to chip away the ice and a blow drier to thaw part of the 
assembly. “Did it close?” asked the winch operator. 

“Yeah,” shouted John Priscu, a microbial ecologist 
from Montana State University in Bozeman. The cylinder 
rested heavily in his gloved hands — evidence that it had 
filled with water and sealed shut before its long journey to 
the surface. The fluid inside came from one of the most 
isolated bodies of water on Earth: Lake 
Whillans, trapped beneath 800 metres of 
ice just 640 kilometres from the South Pole. 
Hardly a word was spoken as Priscu hefted the 
vessel against his shoulder and shuffled into a 
metal shipping container, where the team had 
set up a cramped, makeshift laboratory. 

That water, obtained on 28 January 2013, 
was the first sample ever retrieved directly 
from a subglacial lake. Although Priscu and 
other scientists had long yearned to explore 
Antarctica’s hidden lakes and look for resi- 
dent life, efforts to drill into them have been 
stymied by the threat of contamination, which 
would cast doubt on any life found and could 
introduce invasive organisms into the lake. Priscu and his 
team spent six years devising safe sampling procedures, and 
then had to surmount numerous logistical hurdles, such 
as transporting hundreds of tonnes of equipment to the 
remote site. 

The researchers have been studying the samples since 
they reached the lake and have found that an abundance 
of life lurks beneath Antarctica’s blanket of ice. In this 
week’s issue of Nature’, Priscu and his team report finding 
130,000 cells in each millilitre of lake water — a density of 
microbial life similar to that in much of the world’s deep 
oceans’. And with nearly 4,000 species of bacteria and 
archaea, the community in the lake is much more complex 
than might be expected from a world sealed off from the 
rest of the planet. “I was surprised by how rich the ecosys- 
tem was,’ says Priscu. “It’s pretty amazing.” 

Samples from the lake show that life has survived there 
without energy from the Sun for the past 120,000 years, and 
possibly for as long as 1 million years. And they offer the 
first look at what may be the largest unexplored ecosystem 
on Earth — making up 9% of the world’s land area. “There’s 
a thriving ecosystem down there,” says David Pearce, a 
microbiologist at Northumbria University, UK, who was 
part of a team that tried, unsuccessfully, to drill into a 
different subglacial body, Lake Ellsworth, in 2013. “It’s the 
first time that we've got a real insight into what organisms 
might live beneath the Antarctic continent,” he says. 


LIFE ON ICE 

The ice above Lake Whillans is mind-numbingly flat, 
making it nearly impossible to imagine that anything 
unusual hides beneath it. I first travelled there in 2007 as 
a journalist covering a scientific expedition to the lake, 
which had been discovered earlier that year through 
remote satellite measurements. I returned in January 
2013, embedded as a reporter with the team that Priscu 


“Its the first time 
that we've gota 
real insight into 
what organisms 
might live beneath 
the Antarctic 
continent.” 
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led with two other scientists to sample the lake. That 
project, called Whillans Ice Stream Subglacial Access 
Research Drilling, involved collaboration between nearly two 
dozen researchers from 15 universities across five countries. 
The US National Science Foundation had invested roughly 
US$20 million in the effort, which included building a 
hot-water drill to get into the lake without contaminating it. 

The idea that lakes might lurk beneath Antarctica’s 
frozen cover was not widely considered until the 1990s, 
when ice-penetrating radar and seismic mapping yielded 
the first solid evidence of subglacial lakes. Nearly 400 are 
now known. They are fed by water that melts from the 
base of the ice sheet at rates of a few millimetres per year, 
caused by ambient heat from deep within the planet (see 
‘Invisible lakes’). 

Lake Whillans resembles nothing on Earth's 
surface. The weight of the ice forces the sub- 
glacial water upwards, causing the lake to sit 
at a slant on the side ofa hill. It is a thin lens 
of water — only 2 metres deep and nearly 
60 square kilometres in area — held ina pocket 
of low pressure created by the thinning of the 
ice sheet as it oozes over the hill. 

The drill camp materialized on this lonely 
frontier in January 2013, when tractors arrived 
pulling shipping containers on massive skis. In 
their two-week journey from the coast, the trac- 
tors hauled 500,000 kilograms of gear and fuel, 
mobile labs, a machine shop and a hot-water 
drill that filled six cargo containers. Within two 
weeks, the camp was a noisy, industrial place, populated by 
three dozen people, a flock of tents flapping in the steady 
breeze and two roaring 225,000-watt generators. The polar 
summer resembled a mild winter in Minneapolis, Minne- 
sota, with temperatures 5-15 °C below freezing. 

It took seven days to drill through the ice sheet. To pre- 
vent contamination of the lake, the crew used ultraviolet 
radiation, water filtration and hydrogen peroxide to steri- 
lize the machinery and the water used to bore through the 
ice. As the team neared the lake, progress slowed to a crawl 
when difficulty in steering the drill bedevilled the crew for 
an agonizing 36 hours. 

At 7:30 a.m. on 27 January, a voice crackling through a 
handheld radio summoned me to the drill control room. 
Inside, six ice drillers in overalls stared at a computer screen 
showing a line shooting upwards on a graph, indicating that 
the water in the borehole had risen 28 metres, pushed up by 
a gush of water from the lake below. The lake was a balmy 
—0.5 °C, warmer than the drill camp that day. 

The researchers pulled up the first sample the next day. 
Within minutes of raising the grey vessel, they decanted 
its contents: a honey-coloured broth that turned out to 
be richer in minerals than anyone had expected. The first 
cells were spotted several hours later under a microscope 
— green dots lit up by DNA-sensitive dye. Tests done over 
the next several days confirmed that those cells were alive. 
Twenty scientists and graduate students worked around 
the clock to collect 30 litres of water and several sediment 
cores from the lake. Before the hole froze shut, the team also 
measured the water chemistry in the lake and geothermal 
heat flowing up through the sediments. Sample boxes accu- 
mulated in a cave dug out of the snow on the edge of camp. 

Over the past year, researchers have worked with those 
samples to assemble a portrait of life beneath the ice sheet. 
They have isolated and grown cultures of about a dozen 
species of microbe. And DNA sequencing has revealed 
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signs of 3,931 species in all — many of them 
related to known microbes that break 
down minerals for energy. 

Although contamination is always 
aconcern, researchers not connected 
with the Lake Whillans project say 
that the sterilization precautions seem 
to have worked well. One sign is that 
the microbial density of the drilling 
water in the hole was 200 times lower 
than that of the lake samples, says 
Peter Doran, an Earth scientist at the 
University of Illinois in Chicago, who 
worked with the US National Research 
Council for ten years to develop guide- 
lines for sampling Antarctic lakes cleanly. 
Doran was convinced by the evidence of 
diverse microbial life in the lake. “They found 
it in such a way that it can’t be questioned. It’s 
pretty iron-clad,” he says. 


VITAL SIGNS 

Overall, life in Lake Whillans works much like 
ecosystems at the surface, but its deep denizens 
do not have access to sunlight and so cannot 
rely on photosynthesis for the energy needed 
to fix carbon dioxide dissolved in the lake water. 

The genetic analyses by the team show that 
some of the lake's microbes are related to marine 
species that derive energy by oxidizing iron and 
sulphur compounds from minerals in sediment. 
But according to the DNA data, the lake’s most 
abundant microbes oxidize ammonium, which 
is likely to have a biological origin. 

“The ammonium is probably a relic of old 
marine sediments,’ says Priscu, referring to 
dead organic matter that accumulated millions 
of years ago when the region was covered by 
shallow seas rather than glaciers. 

Only single-celled bacteria and archaea have 
turned up in samples from Lake Whillans — 
but the particular DNA tests used so far were 
not designed to detect other types of organ- 
ism. This preserves the possibility that Lake 
Whillans might yet be found to harbour more 
complex life, such as protozoa — or even sub- 
millimetre animals such as rotifers, worms or 
eight-legged tardigrades, all known to live in 
other parts of Antarctica. Air bubbles in the 
overlying ice supply oxygen to the lake, so 
that is not a limiting factor. But the low rate of 
carbon fixation by microbes might provide too 
little food for multicellular life. 

Lake Whillans receives about one-tenth 
the amount of new carbon per square metre 
per year as the world’s most nutrient-starved 
ocean floors, which support sparse animal 
populations. Although the chances are slim 
that Priscu and his colleagues will find animals 
in Lake Whillans, they plan to look for them 
using better-tailored 
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Researchers have tried to drill into three lakes 
under Antarctica's ice sheet. To collect samples 
from Lake Whillans, a team used tractors to bring 
equipment from a US base on the coast. 


| Lake Ellsworth 
3.4 km below 
the surface 


ANTARCTICA 


eSouth Pole 


Lake Whillans 
800 m below 
the surface 


Transport 
route 


Lake Vostok 


the surface 


“eMcMurdo 
Station 
Ross 


Sea 


The big question is whether Antarctica’s 
subglacial communities are made of ‘survivors’ 
or ‘arrivers. 

Survivors would be the descendants of 
microbes that lived in the sediments when the 
area was covered by open ocean, as it has been 
periodically over the past 20 million years. 
Alternatively, Lake Whillans might be popu- 
lated by wind-blown microbes — the ‘arrivers’ 
— that were deposited on the ice and worked 
their way down over 50,000 years as ice melted 
off the bottom of the glacier. 

It is also possible that some organisms 
entered the lake more recently, carried in by 
sea water seeping under the ice sheet. Lake 
Whillans sits just 100 kilometres from the 
grounding line, where the ice sheet transi- 
tions from resting on ground to floating on 
the ocean. That line shifts as the ice thins 
and thickens, so it is possible that the lake 
exchanged water — and microbes — with the 
ocean during the past few thousand years, says 
Christina Hulbe, a glaciologist at the Univer- 
sity of Otago in Dunedin, New Zealand, who 
has long studied that area of Antarctica. 

Other findings from the lake samples have 
led to some tantalizing ideas. Traces of fluoride 
in its water offer possible evidence of hydro- 
thermal vents in the area — rich sources of 
chemical energy that have the potential to 
support islands of exotic life, such as worms 
or heat-loving microbes. “It’s probable that 
there are hydrothermal systems in there,’ says 
Donald Blankenship, a glaciologist at the 
University of Texas at Austin. The lake occu- 
pies a broad rift valley where Earth’s crust has 
thinned, and radar surveys by Blankenship 
show putative volcanoes under the ice*’. 

The results emerging from Lake Whillans 
could also shed light on how Antarctica influ- 
ences the nearby ocean and even the entire 
world. If microbes beneath the ice sheet play 
an important part in altering the minerals in 
the sediments, as the latest data suggest, those 
organisms might supply iron to the subglacial 
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3.7 km below 


waters that eventually reach the ocean. 
This process could provide an important 
source of nutrients to the chronically 
iron-starved ecosystems in the South- 
ern Ocean’, says Martyn Tranter, a 
marine biogeochemist the Univer- 
sity of Bristol, UK. 

In addition, the presence of 
small amounts of a chemical 
called formate in the water of Lake 
Whillans suggests the possibility 

that methane, a potent greenhouse 

gas, is produced in the deeper, 
oxygen-poor sediments beneath the 
lake. A 2012 study estimated that the 
sediments under the Antarctic ice sheet 
contain hundreds of billions of tonnes of 
methane — a reservoir equal to that stored in 
the Arctic’s permafrost — which could poten- 
tially escape and exacerbate global warming if 
the ice retreats®, 

Lake Whillans provides only a local snap- 
shot of life beneath the ice, and several teams 
are trying to fill in the picture by exploring 
other subglacial lakes. A Russian team is now 
analysing water from Lake Vostok, a lake ina 
deep tectonic rift in eastern Antarctica that is 
covered by 3.7 kilometres of ice. Researchers 
say that analysing those samples presents chal- 
lenges because the water spent a year frozen 
in the bottom of the borehole before being 
brought to the surface. And as the ice was 
raised, it was exposed to the kerosene drilling 
fluid in the borehole. 

Closer to Lake Whillans, Pearce and his 
colleagues attempted in 2013 to drill into Lake 
Ellsworth, which sits under 3.4 kilometres of 
ice in a glacial fjord, but they were forced to 
abandon the effort after difficulties arose with 
steering the drill. 

With its thinner ice covering, Lake Whillans 
was an easier target than Ellsworth or Vostok, 
but it did not give up its secrets easily. The day 
after the first sample was retrieved, a camera 
lowered into the hole presented a mesmerizing 
scene as it neared the lake. Iridescent flakes of 
ice drifted upwards — a snow shower in reverse, 
and a sign that the hole was quickly refreezing. 
The scientists’ instruments soon began to catch 
in the narrowing hole, forcing the drillers to 
pump in hot water to widen it. This tug-of-war 
lasted for four days before the team abandoned 
the hole to its inevitable fate, broke camp and 
flew their hard-won samples home. m 


Douglas Fox is a freelance journalist in 
Northern California. 
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A scanning electron micrograph of bacteria in human faeces, in which 50% of species originate from the gut. 


Microbiome science needs a 
healthy dose of scepticism 


To guard against hype, those interpreting research on the body’s microscopic 
communities should ask five questions, says William P. Hanage. 


xplorations of how the microscopic 
Fenn that inhabit the human 

body might contribute to health or 
disease have moved from obscure to ubiq- 
uitous. Over the past five years, studies have 
linked our microbial settlers to conditions as 
diverse as autism, cancer and diabetes. 

This excitement has infected the public 
imagination. ‘We Are Our Bacteria, pro- 
claimed one headline in The New York 
Times. Some scientists have asserted that 
antibiotics are causing a great ‘extinction’ of 
the microbiome, with dire consequences for 
human health’. Companies offer personalized 


analysis of the microbial content of faecal 
samples, promising consumers enlightening 
information. Separate analyses from the same 
person can, however, vary considerably, even 
from the same stool sample. Faecal trans- 
plants have been proposed — some more 
sensible than others — for conditions ranging 
from diabetes to Alzheimer’s disease. With 
how-to instructions proliferating online, des- 
perate patients must be warned not to attempt 
these risky procedures on themselves. 
Microbiomics risks being drowned in a 
tsunami of its own hype. Jonathan Eisen, a 
microbiologist and blogger at the University 


of California, Davis, bestows awards for 
“overselling the microbiome’; he finds no 
shortage of worthy candidates. 

Previous ‘omics’ fields have faltered after 
murky work slowed progress’. Techno- 
logical advances that allowed researchers to 
catalogue proteins, metabolites, genetic vari- 
ants and gene activity led to a spate of asso- 
ciations between molecular states and health 
conditions. But painstaking further work 
dampened early excitement. Most initial con- 
nections were found to be spurious or, at best, 
more complicated than originally believed. 

The history of science is replete with 
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> examples of exciting new fields that 
promised a gold rush of medicines and health 
insights but required scepticism and years of 
slogging to deliver even partially. As such, the 
criteria for robust microbiome science are 
instructive for all researchers. As excitement 
over the microbiome has filtered beyond aca- 
demic circles, the potential mischief wrought 
by misunderstanding encompasses journal- 
ists, funding bodies and the public. 


CRUCIAL QUESTIONS 

Here are five questions that anyone conduct- 
ing or evaluating this research should ask to 
keep from getting carried away by hype. 


Can experiments detect differences that 
matter? Profiling a microbiome could pro- 
duce a catalogue at the level of phyla, species 
or genes. Much work relies on analysis of 
16S rRNA, an ancient gene that tolerates 
little variation and so is reliably found across 
the bacterial kingdom. But this allows only 
a coarse sorting. For example, microbiomes 
associated with obesity have been distin- 
guished by different ratios of bacterial phyla, 
which encompass a staggering range of diver- 
sity. If this criterion were used to characterize 
animal communities, an aviary of 100 birds 
and 25 snails would be considered identical to 
an aquarium with 8 fish and 2 squid, because 
each has four times as many vertebrates as 
molluscs. Even within a single species, strains 
often differ greatly in the genes they contain. 

Modern technology now allows for finer 
distinctions: we can study more genes in 
a sample, an ability that may enable us to 
decipher ‘metabolic networks’ revealing the 
biochemical reactions that a microbiome can 
perform. This kind of analysis could identify 
gene combinations, potentially from multi- 
ple species across a microbial community, 
that affect health for good or ill. However, 
pinning an outcome to any particular entity 
is likely to be hard unless the networks are 
already well characterized. 

To take a simple example from a single 
bacterial species, we could show that vacci- 
nation eliminated 30% of known pneumo- 
coccal strains in a human population — but 
only because we knew in advance to focus on 
the genes targeted by the vaccine’. Our abil- 
ity to identify functional differences in closely 
related genes is rarely sophisticated enough to 
pull out important genes or networks if we do 
not know what to look for in the first place. 
Moreover, genomes are littered with clues 
both true and false, such as ‘hypothetical pro- 
teins’ and genes that are understood poorly 
or not at all, but could make for important 
differences in what metabolic networks do. 

We need to be able to identify func- 
tional differences in closely related genes 
from sequence alone. Until then, we must 
remember that apparent similarities might 
cloak important differences. 


Does the study show causation or just 
correlation? A separate question is raised 
when distinct microbiomes can be identi- 
fied and associated with diseases or other 
conditions. Then we are left with the chest- 
nut of causes and correlates. Sometimes, a 
particular microbiome found in association 
with disease will be merely a bystander’. 

A 2012 article comparing the gut micro- 
biomes of old people living in care homes 
with those of old people living in the com- 
munity found distinct microbiomes that 
correlated with multiple scores of frailty’. 
After accounting for some potentially con- 

founding factors, the 


“Press officers authors proposed 
must stop a causal relation- 
exaggerating ship: diet altered the 


results, and microbiome, which 


journalists in turn altered health. 
must stop This explanation 
swallowing fits the data, but the 


reverse causality — 
the potential for poor 
health to alter the gut microbiome — was not 
explored. Frailer people probably have less 
active immune systems and differences in 
digestion (such as the time required for food 
to pass through the stomach and intestines) 
— factors that could change the microbiome. 
This work is not the only example of this sort 
of confusion. 


them whole.” 


What is the mechanism? All scientists are 
taught the catechism that correlation is not 
causation, but correlation almost always 
implies some sort of causal relationship. We 
just don't know what it is. We must determine 
it with careful experiments. 

In the past three or four years, studies have 
advanced from characterizing a broad com- 
munity of mainly unculturable microbes to 
identifying functional elements, individual 
taxa or particular properties. We can now 
design experiments to precisely define 
actions of components of the microbiome’, 
for example by reconstituting communities 
but leaving out specific taxa, or by precisely 
measuring the biochemical activity of an 
experimental microbiome in an ‘organ ona 
chip”. A return to a reductionist approach is 
essential if we are to pinpoint both whether 
the microbiome affects human health, and 
exactly how it does so. 


How much do experiments reflect reality? 
Even if the microbiome can have an experi- 
mental effect, it may not be an important 
cause of the symptoms seen in ill people. 
Much work has addressed the role that gut 
flora have in obesity, and several studies have 
found associations between the gut micro- 
biome and weight gain®. To assess whether 
this association was cause or consequence, 
researchers collected gut-microbiome sam- 
ples from human twins (one obese, one not) 
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and introduced the microbiota to mice. Mice 
previously colonized with an ‘obese’ micro- 
biome lost weight when supplied with a ‘lean 
microbiome; but only if also fed a normal 
or low-fat diet. Diet alone had little effect’. 
Although this elegantly controlled experi- 
ment suggests great potential for the micro- 
biome and related therapies to affect health, 
it also shows the microbiome’s limits: the 
effect was dependent on other factors, in 
this case diet. 

Microbiome studies often rely on germ- 
free mice. These animals allow researchers 
to readily introduce an experimental micro- 
biota. But they do not represent the animals’ 
natural state and are typically unhealthy 
owing to the lack ofa microbiome. So results 
may not predict responses in animals with 
flourishing microbiomes. Mice and their 
microbiomes are also adapted to a rather dif- 
ferent niche from humans, so results may not 
be generalizable. 


Could anything else explain the results? 
There are good reasons to think that bacteria 
influence us in a host of ways. But there are 
many other — possibly more important — 
influences, such as diet in the earlier exam- 
ple. Whenever a study links a microbiome 
to a disease, wise critics should ask whether 
other contributors to disease are considered, 
compared and reported. 

The hype surrounding microbiome 
research is dangerous, for individuals who 
might make ill-informed decisions, and 
for the scientific enterprise, which needs 
to develop better experimental methods to 
generate hypotheses and evaluate conclu- 
sions. Funding agencies must not let their 
priorities be distorted by the buzz around 
the field, but look dispassionately at the data. 
Press officers must stop exaggerating results, 
and journalists must stop swallowing them 
whole. In pre-scientific times when some- 
thing happened that people did not under- 
stand, they blamed it on spirits. We must 
resist the urge to transform our microbial 
passengers into modern-day phantoms. = 


William P. Hanage is associate professor of 
epidemiology at the Harvard School of Public 
Health in Boston, Massachusetts, USA. 
e-mail: whanage@hsph.harvard.edu 
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Aristotle (384-322 Bc) was inspired by observation of the natural world on the Greek island of Lesvos. 


HISTORY OF SCIENCE 


The first scientist 


Roberto Lo Presti applauds a brilliant reappraisal of 
Aristotle as the father of observational biology. 


ristotle is considered by many to be 
At first scientist, although the term 
postdates him by more than two mil- 
lennia. In Greece in the fourth century Bc, 
he pioneered the techniques of logic, obser- 
vation, inquiry and demonstration. These 
would shape Western philosophical and 
scientific culture through the Middle Ages 
and the early modern era, and would influ- 
ence some aspects of the natural sciences 
even up to the eighteenth century. 
Armand Marie Leroi’s reappraisal of 
this colossus, The Lagoon, is one of the 


most inspired and inspiring I have read. It 
combines a serious, accessible overview of 
Aristotle's methods, ideas, mistakes and 
influence with a contextualizing travelogue 
that also found expression in Leroi’s 2010 
BBC television documentary Aristotle's 
Lagoon. Leroi’s ambitious aim is to return 
Aristotle to the pantheon of biology’s 
greats, alongside Charles Darwin and Carl 
Linnaeus. He has achieved it. 

Leroi, an evolutionary developmental 
biologist, visits the Greek island of Lesvos 
— where Aristotle made observations 
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of natural phenomena and anatomical 
structures — and puts his own observa- 
tions in dialogue with those of the philoso- 
pher. It was in the island’s lagoon of Kolpos 
Kalloni that Aristotle was struck by the 
anatomy of fish and molluscs, and started 
trying to account for the function of their 
parts. Leroi’s vivid descriptions of the ele- 
ments that inspired Aristotle’s biological 
doctrines — places, colours, smells, marine 
landscapes and animals, and local lore — 
enjoin the reader to grasp them viscerally 
as well as intellectually. 

Aristotle's time on Lesvos was only a chap- 
ter in a life of discoveries, and Leroi covers 
those signal achievements with breadth and 
depth. He details the theoretical and meth- 
odological principles governing the func- 
tional anatomy of species from pigeons to 
tortoises, discussed by Aristotle in On the 
Parts of Animals, as well as the descriptive 
zoology expounded in his History of Ani- 
mals. For instance, Leroi explores Aristotle’s 
theory of causation, based on the distinction 
between material, efficient, formal and final 
causes. He looks at the philosopher's views 
on the directedness of natural phenomena 
and the role played by necessity and hazard. 
He sketches out the theory of four elements 
(fire, air, water and earth) as the prime con- 
stituents of natural bodies. And he looks at 
the theory of soul and its relationship to the 
body — through which Aristotle accounted 
for aspects of physiology and psychology, 
from nutrition to rational thinking. 

Fascinating chapters are devoted to Aris- 
totle’s gradualist conception of the natural 
world and living things — perhaps best 
expressed in the saying natura non facit 
saltum, or ‘nature does not make jumps. 
Also covered is his theory of sexual genera- 
tion and transmission of hereditary traits, 
which he expounded in the masterful On the 
Generation of Animals. Despite a number of 
mistaken assumptions (such as the lack of 
a female ‘seed’), this theory encompasses a 
huge number of valuable observations and 
insights that laid the foundations of modern 
embryology. 

The Lagoon traces other ways in which 
Aristotelian thought has permeated West- 
ern science. Leroi 
charts its influence 
on Renaissance anat- 
omists and physi- 
ologists. The English 
physician William 
Harvey’s discovery of 
blood circulation, for 
instance, was largely 
inspired by Aristotle's 
biological ideas, espe- 
cially the concept of 


The Lagoon: How 
Aristotle Invented 


Science 
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The cuttlefish was among many creatures that 
Aristotle observed. 


Aristotle's empirical emphasis on investiga- 
tion and demonstration. Leroi shows how 
masters of comparative anatomy including 
Georges Cuvier (1769-1832) took inspira- 
tion from Aristotle in describing and com- 
paring the parts of animals in light of their 
function as well as of their shape. He com- 
pares Aristotle’s theories with the thinking 
of taxonomists such as Linnaeus, of Darwin 
on evolution, and of the twentieth-century 
fathers of systems theory and cybernetics 
such as Walter Cannon and Norbert Wiener. 

Leroi is careful not to represent Aristo- 
tle as a precursor in crude terms, or to read 
him through inappropriate contemporary 
lenses. Instead, he highlights aspects of 
Aristotle's doctrines that still ‘speak to con- 
temporary scientists, and that have been 
illuminated by modern scientific under- 
standing — for example, Aristotle's empha- 
sis on direct observation and dissection. 
The philosopher argued, Leroi explains, 
“that ‘knowing’ in the sense of ‘perceiving’ 
is the foundation of ‘knowing’ in the sense 
of ‘understanding”. 

As Leroi acknowledges, decades of schol- 
arly effort by philosophers and historians 
such as Allan Gotthelf and James Lennox 
have gone into the reassessment of Aristo- 
telian biology and its effect on the history 
of Western science. In this respect, the book 
broaches no new questions, and brings 
no new perspective to the heated debates 
among Aristotelian scholars. 

But that is to miss its point. The Lagoon is 
a wonderful introduction to Aristotle's biol- 
ogy, which specialists will also enjoy. Every 
page is a reminder of the great beauty that we 
can experience by seeing the world through 
Aristotelian eyes. = 


Roberto Lo Presti lectures on classics 
and ancient philosophy and coordinates 
the doctoral programme on the history 
of ancient science at the Berlin Graduate 
School of Ancient Studies, part of the 
Humboldt University of Berlin. 

e-mail: roberto.lo.presti@hu-berlin.de 


Books in brief 


Sustainability: A History 

Jeremy L. Caradonna OXFORD UNIVERSITY PRESS (2014) 

As aconcept, sustainability is now near-ubiquitous. But is ita 
“buzzless buzzword”, as environmentalist Bill McKibben has 
opined? Historian Jeremy Caraconna writes that, on the contrary, this 
dynamic ethos has plenty of buzz. Predicated on joined-up thinking 
(such as the idea that society, economy and environment are linked), 
it emerged with seventeenth-century concerns over European 
deforestation and is now, Caradonna posits, the keystone of solutions 
to looming global crises. An exemplary study of an idea’s long march 
through domains from urbanism to social justice. 


The Marketplace of Attention: How Audiences Take Shape 

in a Digital Age 

James G. Webster MIT PRESS (2014) 

The legions of social networks, news outlets and other digital media 
all jostle for a limited resource — human attention. As James 

G. Webster notes in this uneven but fascinating study, “It’s a zero 
sum game that dooms most offerings to obscurity”. His investigation 
of what pulls audiences in trounces prevailing thinking, such as the 
theory that audiences are zombies herded into “filter bubbles” by 
data-driven choices. Instead, he reveals a “massively overlapping 
culture” in which commonality remains surprisingly high. 


Doctored: The Disillusionment of an American Physician 

Sandeep Jauhar FARRAR, STRAUS AND GIROUX (2014) 

In this absorbing memoir-cum-analysis, Sandeep Jauhar traces his 
years as a fledgling cardiologist against the backdrop of a health- 
care system in peril. US medicine emerges as an arena in which the 
physicians suffer as much as the patients: out of 12,000 doctors 
surveyed in 2008, Jauhar notes, just 6% reported positive morale in 
their colleagues. Factors such as vast medical-school debts, grinding 
overwork and the rise of autonomy-eroding health-maintenance 
organizations are leaving many medics reeling and many potential 
wannabes seeking other fields. An impassioned call to action. 


Hyper: A Personal History of ADHD 
Timothy Denevi SIMON AND SCHUSTER (2014) 


It began with screaming in a world reduced to a colourless blur. Writer 
Timothy Denevi was diagnosed with attention deficit hyperactivity 
er disorder (ADHD) at the age of six, and in this haunting narrative he 
NP tay explores the world’s most scrutinized childhood condition from 
Timoth 0 ai the inside out —a litany of school conflicts and rounds of evolving 
y ney | treatments. Through it, Denevi interweaves ADHD’s historical 


trajectory and recent findings, from difficulties with diagnosis (the 
—~V symptoms are easily conflated with ‘normal’ childhood behaviour) to 
the brain regions implicated. Denevi has survived, but at a cost. 


Veiled Warriors: Allied Nurses of the First World War 

Christine E. Hallett OXFORD UNIVERSITY PRESS (2014) 

Professional nursing during the Great War is often seen through 

the gauze of romantic myth-making, notes historian Christine E. 
Hallett in this stinging chronicle. In fact, the trained nurses of the 
Allied forces were less noble young helpmeets than a heterogeneous 
group of tough-minded women. Eager for formal social and political 
recognition, they were also faced with grisly new medical challenges 
such as gas gangrene. As Hallett writes, they fought “a multi-layered 
battle: for lives, for recognition, and for equality”. Barbara Kiser 
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PLANETARY SCIENCE 


Second rock from the Sun 


Andrew P. Ingersoll relishes a study of scientific discoveries on hot, toxic Venus. 


‘ J enus is the closest to Earth of all the 
planets — in distance, size, mass and 
composition. But itis a hellish place, 
with opaque clouds of sulphuric acid, 
crushing atmospheric pressures and 
surface temperatures high enough 
to melt lead. Not photogenic and 
too blistering for conventional 
rovers and landers, Venus has 
been passed over by the big 
missions. Nevertheless, Venus 
exploration and the interpreta- 
tion of the resulting data have 
had their fair share of exciting 
moments. It is this history that 
physicist Fredric Taylor relates 
in his informative primer, The 
Scientific Exploration of Venus. 

The first hints that Venus was 
not like Earth came in the 1950s. 
Earth-based radio telescopes, peering 
through the planet's clouds, reported a 
temperature of more than 300°C (today 
the estimate is rather higher). But was that 
the temperature of Venus’s ionosphere — the 
upper atmosphere — or its surface? 

Astronomer Carl Sagan, whose doctoral 
thesis showed how the greenhouse effect 
could account for high surface temperatures 
on Venus, set out to test his theory. He lobbied 
the newly established NASA to build the first 
interplanetary spacecraft and equip it with 
the right instrument — a microwave radio- 
meter. Identical spacecraft, Mariner 1 and 2, 
were built and launched in 1962. Mariner 1 
failed, but Mariner 2 made the three-month 
trip to Venus and took the crucial measure- 
ment, showing that the temperature was 
greatest when the radiometer looked straight 
down at the surface and least when it looked 
horizontally through the ionosphere. 

Taylor also tells the story of the US-Soviet 
race to explore Venus. Relative to the cold war, 
it was almost friendly, and indeed may have 
helped the slow easing of tensions between 
the two superpowers. Scientists read each 
others’ papers and started to visit each others 
countries. Mutual respect began to emerge, 
but it was not a smooth process. In 1967, the 
Soviet spacecraft Venera 4 parachuted into 
Venus’s atmosphere. It measured a pressure of 
2,000 kilopascals and a temperature of 275°C 
before it stopped transmitting. Soviet scien- 
tists insisted that the probe had reached the 
planet's surface, although there was already 
evidence that temperatures and pressures 
there would be higher. A newly minted PhD 
at the time, I remember being struck by their 


Venus, seen here in a composite radar image, is 
Earth’s closest planetary neighbour. 


insistence, thinking that perhaps they were 
not allowed to admit failure. 

But the Soviets persisted, and in 1969, 
Venera 5 and 6 made the first scientifically 
successful landings on the Venusian surface. 
Once down, they measured temperature, 
pressure and composition, surviving for an 
hour before succumbing to the searing heat. 
Now it was clear that the surface was very 
hot, 450°C, and the pressure was 9,000 kilo- 
pascals — 90 times that of Earth’s atmosphere. 
In 1975, Venera 9 and 10 took images of the 
surface, revealing flat, cracked plates of rock 
that could only be solidified lava. The pictures 
were taken by a televi- 
sion camera in natu- 
ral light, indicating 
that about 2% of the 
incident sunlight was 
getting through the 
massive atmosphere 
to the ground. “Like 
Moscow on a cloudy 
winter day,’ said one of 


the Soviet scientistsata The Scientific 
Exploration of 
conference I attended. anne 
Taylor also reviews — egepRicw. TAYLOR 
the origin, evolution Cambridge University 
and composition of Press: 2014. 
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planetary bodies, and Venus’s remaining 
mysteries. What maintains the planet's 
extraordinary greenhouse effect? If Venus 
once had an ocean, where is the water 
now? Why does the wind at the top of 
the clouds blow 50 times faster than 
on the ground, at more than twice 
the speed of Earth's jet streams? 
And why does Venus have an 
atmosphere of carbon dioxide 
almost 100 times more massive 
than Earth’s nitrogen-oxygen 
atmosphere? For Venus’ surface 
and interior, the big questions 
are: how does the planet shed 
its internal heat, given that there 
is no sign of plate tectonics? Are 
volcanoes enough? Are the vol- 
canoes active and what gases do 
they bring to the surface? Is volcanic 
activity changing the climate of Venus? 
To answer some of these questions, 
space agencies are studying aeroplanes and 
rovers suitable for Venus. Operating on the 
planet’s surface is difficult but not impossi- 
ble: the instruments must either operate at 
high temperature, or be refrigerated. 

The book reproduces numerous intriguing 
images of the surface taken by the radar on 
NASAs Magellan spacecraft. A chapter on the 
clouds, which are concentrated at 50-65 kilo- 
metres altitude (Earth's are at 0-15 kilo- 
metres) reveals much about the meteorology 
of the planet. Despite the stronger winds, the 
circulation of the atmosphere is smoother 
than Earth’s — less interrupted by waves and 
eddies, with winds blowing more nearly east 
to west. Also, the massive atmosphere seems 
to have evened out the temperature difference 
between equator and pole. At the poles, the 
clouds mark the edges ofa vortex that resem- 
bles the polar vortex on Earth. 

Taylor clearly believes that Venus has a lot 
to tell us about our own planet — particu- 
larly through its greenhouse effect, winds 
and volcanoes, and the history of its surface. 
He writes wistfully of “the forgotten world” 
and the “unfulfilled objectives” of never- 
flown missions. The last part of the book is, 
however, forward-looking, covering plans 
and visions for further exploration of Earth’s 
wayward next-door neighbour. m 


Andrew P. Ingersoll is professor of 
planetary science at the California Institute 
of Technology in Pasadena. He is the author 
of Planetary Climates. 

e-mail: api@gps.caltech.edu 
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UK bill could prompt 
biodiversity loss 


The UK government's proposed 
Infrastructure Bill for England 
and Wales gives new powers to 
control or eradicate invasive, 
non-native species (see 
go.nature.com/kbkvtt). However, 
what constitutes such a species 
needs careful definition to ensure 
that any use of these powers is 
beneficial for conservation. 

The draft bill defines non- 
native species as those that are 
“not ordinarily resident in, 
ora regular visitor to, Great 
Britaim” This definition covers 
past native species that are now 
extinct, species that may become 
naturally established under a 
changing climate, and species 
listed in Schedule 9 of the Wildlife 
and Countryside Act. That list 
contains native species, including 
some that have been reintroduced 
into the wild, such as the barn owl 
(Tyto alba), capercaillie (Tetrao 
urogallus), chough (Pyrrhocorax 
pyrrhocorax) and red kite (Milvus 
milvus). The legislation could 
also preclude future species 
reintroductions, a tool to counter 
biodiversity loss. 

The current definition has 
serious implications for wildlife 
management. Once a species is 
classified as non-native, it can also 
be classified as invasive — and 
would therefore be subject to 
invasive-species legislation. 

Proposed amendments to 
address these problems have 
been rejected. If the bill is passed 
in its present form, it could lead 
to an irreversible loss of native 
biodiversity. 

Sarah Durant* Institute of Zoology, 
Zoological Society of London, UK. 
sarah. durant@ioz.ac.uk 

*On behalf of 24 correspondents (see 
go.nature.com/9eembe for full list). 


Don’t let microbial 
samples perish 


Microbial ecologists must 
coordinate to archive sample 
collections and genetic material. 
This will prevent valuable 


specimens from being lost to 
science and allow rigorous 
assessment of the effects of 
globally changing factors, disease 
and pollution on microbial 
communities. 

Archiving is particularly 
valuable for hard-to-obtain 
or irreplaceable samples: for 
example, those from deep-sea 
hydrothermal vents or subglacial 
lakes in Antarctica. Samples may 
form an important time series, 
as in faecal material from extant 
populations never exposed to 
antibiotics, or soils from high- 
latitude systems threatened 
with biodiversity loss because of 
climate change. 

Data generation is cheap, and 
getting cheaper. Technologies 
now exist to store DNA at room 
temperature for long periods and 
to reanalyse samples directly, 
which is better than trying to 
cobble together previous data 
sets generated using outdated 
methods. Reanalysis can also 
enable comparison of samples 
collected at different sites or time 
points. 

In microbial ecology, proper 
sample archiving will accelerate 
advances, as collections of plants, 
animals and cultures have done 
for other areas of biology. 

Noah Fierer University of 
Colorado, Boulder, USA. 

Craig Cary University of 
Waikato, Hamilton, New Zealand. 
caryc@waikato.ac.nz 


Risk review is under 
way for invasive toad 


Sven Mecke and colleagues call 
for prior assessment of ecological 
risks that might be associated 
with eradication measures 
against the invasive Asian 
common toad Duttaphrynus 
melanostictus (Nature 511, 534; 
2014). The Amphibian Specialist 
Group in Madagascar — part 

of the International Union for 
Conservation of Nature’s Species 
Survival Commission network 
— is already undertaking such an 
evaluation, along with local and 
international experts. 


We disagree that the effects 
of an invasive species need to be 
fully understood before starting 
control operations. Experience 
with other invaders shows that 
this could take decades, and 
swift action is crucial to stop 
an invasion from becoming 
widespread. We already know 
that D. melanostictus is invasive 
elsewhere in the tropics and is a 
biosecurity hazard in Australia. 

Nationally coordinated by 
Christian Randrianantoandro, 
our efforts include determining 
the toads’ distribution, providing 
educational materials to local 
communities and assembling 
experts to develop the feasibility 
study. We shall use genetic 
analyses to identify the source 
of introduction and will screen 
toads for pathogens and parasites. 
All toad sightings in Madagascar 
have so far been in urban and 
nearby degraded habitats, which 
would limit any threat to native 
biota should an eradication 
programme be carried out. 

Costs of the preliminary 
assessment are estimated at 
US$50,000. The Amphibian 
Survival Alliance is running an 
online fund-raising campaign, 
and we hope to involve 
international non-governmental 
organizations. A globally 
coordinated response may still 
stop the toads from invading 
Madagascar. 

Franco Andreone* Museo 
Regionale di Scienze Naturali, 
Turin, Italy. 
franco.andreone@gmail.com 

*On behalf of 11 correspondents (see 
go.nature.com/cdpbbg for full list). 


Ageing: develop 
models of frailty 


Good preclinical models of 
ageing are needed to discover 
the molecular mechanisms 
behind declining human physical 
performance (Nature 511, 
405-407; 2014). The latest animal 
models of frailty are a step in the 
right direction. 

For example, a genetically 
modified frail-mouse model 


mimics the inflammation and 
weakness that often afflicts older 
people (see A. Akki et al. Age 
36, 21-30; 2014). Frailty can 
also be modelled in naturally 
ageing mice as a frailty- 
phenotype score, graded by 
such performance measures as 
grip strength and walking speed 
(H. Liu et al. J. Gerontol. A 
http://doi.org/t6p; 2013). 
We and others have quantified 
a clinical frailty index in mice 
by tracking the accumulation 
of age-related deficits. This 
index increases with age in 
the same way as it does in 
humans (J. C. Whitehead et al. 
J. Gerontol. A 69, 621-632; 2014). 
More-sophisticated animal 
models of frailty will need to 
include a broader range of 
performance measures if they 
are to properly represent the 
condition in people. 
Susan E. Howlett, Kenneth 
Rockwood Dalhousie University, 
Halifax, Nova Scotia, Canada; 
and University of Manchester, UK. 
susan.howlett@dal.ca 


Ageing: research 
needs social science 


Translational biomedical 
research into ageing and 
longevity needs to include 
social science if it is to produce 
interventions for slowing 
physiological decline (Nature 
511, 405-407; 2014). 
Promoting a healthy lifespan 
depends on social factors as well 
as on medical insight. Any study 
on caloric restriction, for instance, 
should consider the cultural 
background of participants. 
Social science also needs to be 
incorporated into therapeutic 
investigations — for example, 
to understand why some 
individuals do not take their 
medication. Such insight would 
boost compliance and therefore 
drug effectiveness. 
Philipe de Souto Barreto 
Institute of Ageing, University 
Hospital of Toulouse 
(CHU Toulouse), France. 
philipebarreto81@yahoo.com.br 
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BIOGEOQCHEMISTRY 


Microbes eat rock under ice 


The first description of the microorganisms inhabiting a subglacial lake deep below the Antarctic ice sheet reveals some of 
the complex interactive metabolic processes that sustain these microbial communities. SEE LETTER P.310 


MARTYN TRANTER 


he deep cold marine biosphere’ has a 
| newly described and highly active fresh- 
water neighbour. On page 310 of this 
issue, the WISSARD Science Team and other 
authors (Christner et al.”) show that the cold 
fresh waters under the thick ice of the West 
Antarctic Ice Sheet are a habitat for microbial 
life, joining communities already found in deep 
cold ocean waters and sediments. The report is 
a landmark for the polar sciences, demonstrat- 
ing unequivocally for the first time by direct, 
contamination-free sampling that microbes 
are present in the waters and sediment of 
Subglacial Lake Whillans, located some 
800 metres below the surface of the ice and at 
a temperature of -0.17°C. 

The discovery of microorganisms in this 
environment adds to our appreciation that 
glaciers and ice-sheet beds are not sterile, 
but in fact host diverse microbial communi- 
ties’. The beds of small, valley glaciers were 
shown to contain microbial communities only 
15 years ago*. However, these glaciers have 
much shallower ice than the West Antarctic 
Ice Sheet, and microorganisms, organic matter 
and chemical species (including nutrients such 
as dissolved oxygen and nitrate) are exported 
from their melting ice surfaces down to the 
bed, so it is easy to see how microbes are able 
to grow there. 

This is not the case for the West Antarctic 
Ice Sheet, where there is little surface melt away 
from the ice margins, and even less likelihood 
that this water can find a way through a kilo- 
metre or so of ice at temperatures well below 
freezing. Instead, water is produced from 
geothermal heating at the bed and through 
frictional melting during ice flow’. This means 
that any microorganisms living in the water 
that is present beneath about 55% of Antarc- 
tica’ must exist on energy and nutrient sources 
that come from melting ice, rock and sediment 
beneath the ice, and from recycling of materials 
from dead microorganisms”. The team’s results 
give insight into how this may happen. 

Microbes living in the deep ocean can rely 
on the remains of surface organisms raining 
down from above as energy sources. By con- 
trast, microbes in the deep cold freshwater 
environment of Subglacial Lake Whillans 
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Figure 1 | Around goes the ammonium ion. Christner et al.” have shown that significant cycling of 
ammonium ions (NH,") occurs in Subglacial Lake Whillans, 800 metres beneath the surface of the West 
Antarctic Ice Sheet. They show that this cycling is conducted by chemoautotrophs (bacteria that use 
ammonium ions instead of sunlight to drive their vital processes and proliferation) and heterotrophs 
(bacteria that decompose organic matter, including other bacteria, to derive energy, producing ammonium 
ions as a consequence). The chemoautotrophs are probably confined to the lake's water column, whereas the 
heterotrophs probably exist in both the water column and in the lake's sediment. 


must use energy sources contained in miner- 
als crushed from bedrock by the ice, including 
sulphides (for example pyrite, found in many 
rock types) and reduced iron, Fe(11), which is 
found in many minerals containing iron and 
magnesium (olivines, pyroxenes and micas, 
for instance). These reduced iron and sulphur 
compounds, along with dead microorganisms, 
can be oxidized by oxygen in the water. This 
liberates the energy necessary to drive the vital 
processes of the living microorganisms that 
enable or catalyse the mineral-oxidation reac- 
tions’. In this sense, the microbes ‘eat rock’ — 
although in practice, they attach to the mineral 
particles and help them to dissolve. 

The microorganisms needed to promote 
these types of reaction have been found by 
the team, in particular Proteobacteria, which 
make up around 53% of the gene sequences 
examined. Glacier-crushed sediment is a 
ready source of phosphorus’, a key nutrient 
for enabling microbial growth, but sources of 
the other key nutrient — dissolved nitrogen 
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species such as nitrate (NO, ) andammonium 
(NH,") — are harder to come by. They include 
a little from ice that melted to produce the 
water’ and small amounts in some micas and 
feldspars®. Any nitrogen scavenged from rock 
is hard-won, so must be preserved or tightly 
recycled to keep the microbial ecosystems 
viable (Fig. 1). 

An intriguing feature of the team’s data is that 
ammonium, often liberated from the decom- 
position of organic matter, is the principal 
dissolved inorganic nitrogen species. Further- 
more, the water column contains significant 
numbers of nitrifying microorganisms, which 
oxidize ammonium to nitrite and nitrate. The 
particular ratio of oxygen isotopes in the nitrate 
— A”’O of NO, — is almost zero, and is con- 
sistent with nitrification. This strongly suggests 
that hard-won ammonium diffusing up from 
the sediment is tightly recycled between dead 
and living microorganisms, and is a means of 
sustaining new microbial growth — a process 
known as chemoautotrophy. 


The authors also find that surface sediments 
beneath the water contain organic matter 
with higher carbon-to-nitrogen ratios than 
the organic matter in the water column. This 
also suggests that decomposition of organic 
matter in the sediments releases ammonium 
and other dissolved nitrogen species back 
into the water column. Some of the carbon in 
the decomposing organic matter seems to be 
released as acetate and formate — forms of dis- 
solved organic carbon that can readily be taken 
up by microbes in the water column. Hence, 
processes in the sediment, and recycling of 
materials between the sediment and the water 
column, are important for the longevity of the 
microbial ecosystem in the lake. 

In this respect, this deep cold freshwater 
ecosystem is similar to those in and overlying 
deep cold ocean sediments. The West Antarctic 


DEVELOPMENTAL BIOLOGY 


Ice Sheet is draped over deep basins of former 
marine sediments, kilometres thick, which 
also contain organic matter’. Just how much 
influence this gradually decomposing organic 
matter has on surface sediments and the waters 
between the sediment and the ice bed remains 
to be seen, but beneath some parts of Antarctica, 
where water flow is slow, one can easily imagine 
how chemicals diffusing up from deeper sedi- 
ment might allow microbial communities to 
exist in the shallower sediments (Fig. 1). 

The team has opened a tantalizing window 
on microbial communities in the bed of the 
West Antarctic Ice Sheet, and on how they are 
maintained and self-organize. The authors’ 
findings even beg the question of whether 
microbes could eat rock beneath ice sheets on 
extraterrestrial bodies such as Mars’°. This idea 
has more traction now. m 


It takes muscle 
to make blood cells 


Blood stem cells derive at least in part from an embryonic vessel called the dorsal 
aorta. It emerges that a flanking tissue called the somite contributes cells and 
signals to this process. SEE LETTERS P.314 & p.319 


SUPHANSA SAWAMIPHAK & 
DIDIER Y. R. STAINIER 


he extrinsic cues that instruct cells 

to become blood-cell precursors are 

mostly unknown. Studies in differ- 
ent vertebrate models have shown that these 
precursors, called haematopoietic stem cells, 
originate at least in part from the first func- 
tional intra-embryonic blood vessel, the 
dorsal aorta. However, the cell types and 
signalling molecules that promote the gen- 
eration of haematopoietic stem cells in the 
dorsal aorta are not well understood. Two 
papers in this issue’’ find that structures 
called somites, precursors ofa range of tissues 
including the vertebrae and skeletal muscle, 
are involved at more than one stage of this 
developmental process. 

Haematopoietic stem cells (HSCs) have 
the capacity to replenish all blood-cell types 
throughout life. Live-imaging experiments in 
zebrafish (Danio rerio)*~ provided the first 
conclusive evidence that these cells derive 
from the endothelial cells that line the dorsal 
aorta (DA). However, these and other studies® 
indicated that only a subset of DA endothelial 
cells can become HSCs. 

Studies in avian embryos’ gave the first 
indication that the ability of endothelial cells 
to become HSCs was determined by their 


origin. Endothelial cells from a tissue called 
the lateral plate mesoderm populate part of the 
DA, and can give rise to HSCs’. Endothelial 
cells from the somites populate another part, 
and do not become HSCs*. When production 
of HSCs within the DA ceases, the somite- 
derived endothelial cells replace those from the 
lateral plate mesoderm*. It therefore stands to 
reason that somite-derived cells and signalling 
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Martyn Tranter is at the Bristol Glaciology 
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factors may regulate the endothelium-to-HSC 
transition. 

Nguyen et al.' (page 314) investigated the 
role of the somites in development of the DA 
and HSCs in zebrafish using a mutant fish 
strain called choker, in which signalling from 
somitic tissues is defective’. They expanded on 
the previous analysis of this defect, and found 
that choker fish harbour a defective copy of 
meox1, a gene that is normally expressed in 
the somites. They then examined HSC devel- 
opment in these mutants. Surprisingly, these 
animals had more HSCs than their wild-type 
siblings. 

Next, the authors used genetic tools to trace 
the descendants of cells within the somites 
(an approach known as lineage tracing). They 
found that, as in birds and mice”*, a portion of 
zebrafish somitic cells give rise to endothelial 
cells that line the DA — a progenitor population 
that Nguyen and colleagues named endotomal 
cells. Up- and downregulating meox1 function 
revealed that the gene inhibits the formation 


Neural tube 


— a 


Lateral plate 
mesoderm 


Figure 1 | The birth of blood-cell precursors. A simplified cross-section through a zebrafish embryo 
illustrates how haematopoietic stem cells (HSCs) arise in the dorsal aorta (DA), an embryonic structure 
lined by endothelial cells from two different origins. Nguyen et al.’ report that endothelial cells that 
migrate to the dorsal aorta from the somites (blue arrows) do not give rise to HSCs themselves, but 
instead help other endothelial cells in the DA to become HSCs. Kobayashi et al.” find that endothelial 
precursors that migrate from the lateral plate mesoderm (red arrows) interact with the developing somite 
en route to the DA (dashed arrows). Some of these cells go on to become HSCs. 
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of endotomal cells in the somites. Moreover, 
the authors found that endotomal cells do not 
give rise to HSCs themselves, but help other 
endothelial cells to become HSCs (Fig. 1). 

Accordingly, ablation of endotomal-derived 
endothelial cells led to a significant reduction in 
the number of HSCs. This outcome was, at least 
in part, due to reduction of the signalling pro- 
tein Cxcl12b. When Nguyen and co-workers 
either chemically inhibited or ‘knocked down’ 
Cxcl12b function, they saw a drastic reduction 
in HSC numbers. 

Given the small size, elongated shape 
and tight packing of endothelial cells and 
their non-endothelial neighbours, it will be 
important to follow up this and other lineage- 
tracing studies'”"' in mice, for example by 
using an approach that marks somite-derived 
cells only if they become endothelial cells. One 
interpretation of the studies in birds® is that 
replacing the endothelial cells derived from the 
lateral plate mesoderm with somite-derived 
endothelial cells limits the DA’s ability to gen- 
erate HSCs. In light of Nguyen and colleagues’ 
evidence that reducing the number of somite- 
derived endothelial cells actually decreases 
HSC formation in zebrafish, it will be essen- 
tial to directly test the role of somite-derived 
endothelial cells in HSC emergence in mice. 

Do the somites also regulate HSC precursors 
at earlier stages? The lateral plate mesoderm 
is in direct contact with somitic tissue, and 
there is evidence” that somite-derived signal- 
ling proteins promote HSC formation as cells 
migrate from the lateral plate mesoderm to the 
forming DA. Wnt16 may be one such protein”, 
although Nguyen and co-workers question this 
finding, because wnt16 expression is in fact 
downregulated in choker mutants. 

In addition to secreted factors, direct physi- 
cal interactions between migrating cells and 
somitic tissues might regulate HSC gen- 
eration. Kobayashi et al.” (page 319) report 
that cell-adhesion proteins called junction 
adhesion molecules (Jams) are involved in 
interactions between HSC precursors and 
somites, which in turn are required for HSC 
formation. They found that endothelial pre- 
cursors in the lateral plate mesoderm express 
jam1aas they migrate towards the forming 
DA along the somite surface, which expresses 
jam2a. The two Jam proteins physically inter- 
act, promoting strong cell-cell contacts. 

Kobayshi and colleagues also found that the 
somites express the genes deltaC and deltaD, 
which encode Notch-binding proteins, and 
that the migrating endothelial precursors 
express Notch protein. Notch signalling is 
involved in cell-cell communication in many 
settings in the body. Knockdown of jamla 
led to loss of Notch signalling and loss of 
HSCs, but HSC formation could be restored 
in these embryos with forced activation of 
Notch signalling in endothelial precursors. 
Thus, strong Jam-mediated cell-cell inter- 
actions might facilitate the activation of Notch 


signalling in endothelial precursors. 

This work suggests that Notch signalling 
is required in HSC progenitors during their 
migration from the lateral plate mesoderm, 
earlier than previously reported”. This model 
has implications for optimizing the induction 
of HSCs in vitro, which remains challenging, 
probably because some key factors are missing 
from the protocols being used. 

In addition to Kobayashi and co-workers’ 
finding, another study” has shown that 
somite-derived endothelial cells themselves 
require endogenous Notch signalling. To ana- 
lyse the role of Notch signalling in more detail, 
tools that permit precise temporal and spatial 
control of gene expression will therefore be 
needed. These tools will include conditional 
genetic mutants that can be induced to lack 
gene function only at certain times and in cer- 
tain tissues, technology that for the most part 
is not yet available in zebrafish. 

Together, these two studies show that 
somites play a key part in HSC formation. 
The idea that cells from the somites populate 
embryonic blood vessels is now fairly well 
established, but their role in HSC formation 
in birds and mammals remains to be defined. 
Ultimately, of course, understanding where 
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the various cell types come from should help 
to determine the identity and exact sequence 
of signalling pathways activated in HSCs, their 
precursors and their derivatives. m 
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Warning signs of the 
Iquique earthquake 


An earthquake off Chile in 2014 occurred in a region where a great seismic event 
was expected. Two studies reveal that months of foreshocks and slow slip on the 
associated plate-boundary fault preceded the event. SEE LETTERS P.295 & P.299 


ROLAND BURGMANN 


he most common question asked of an 
earthquake researcher is “When is the 
next Big One?” In short, the answer is 
“We dont know”. But there is evidence that, 
at least in some cases, the answer could be 
more precise. In this issue, two studies’” of 
the earthquake (magnitude 8.2) that occurred 
at Iquique, northern Chile, on 1 April 2014 
suggest that a range of geophysical measure- 
ments collected in recent years indicated both 
a high overall earthquake probability and an 
increased short-term hazard in the region. 
The Iquique event was a subduction 
earthquake — it occurred on the fault along 
which the oceanic Nazca Plate to the west 
thrusts itself below the South American con- 
tinent at an average rate of about 7 centimetres 
per year. The last time a great earthquake 
occurred on this section of the plate bound- 
ary was in 1877, when a much larger event 
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(magnitude 8.6-8.8) ruptured nearly 500 kilo- 
metres of the subduction thrust fault. Measure- 
ments” of deformation at Earth’s surface taken 
by the Global Positioning System (GPS) show 
that much of the fault that ruptured in 1877 is 
currently fully coupled (locked in position, and 
thus building up stress and slip deficit that will 
be released in a future earthquake; Fig. 1). This 
section of the plate boundary was therefore 
recognized as a seismic gap, a region of an 
active fault that seems to be overdue for one or 
more great earthquakes. 

The Iquique earthquake occurred within 
this seismic gap, but was not nearly big enough 
to fill it. Hayes et al.' (page 295) and Schurr 
et al.’ (page 299) constrained models of the 
earthquake slip using seismic data from local 
and global stations, together with geodetic 
measurements of surface deformation. They 
report that slip of up to about 5 m occurred ina 
zone stretching from the earthquake’s focus in 
the north to the Chilean coast in the southeast. 
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Figure 1 | Tectonic setting of the Iquique earthquake, 1 April 2014. The diagram shows the Nazca 
Plate thrusting eastward below South America. The colours of the rectangular fault elements indicate 

the degree of coupling inferred from satellite-measured surface displacements in northern Chile. A 
coupling value of 1 (red) means that the fault is completely locked and builds up a slip deficit until the 
next earthquake. A low coupling value indicates that the plate-boundary fault slips aseismically. The 
black stars show the approximate extent of the mainshock (magnitude 8.2, large star) and its largest 
aftershock (magnitude 7.6, smaller star). Blue stars indicate the area of foreshock activity near the focus of 
the mainshock in the months before the rupture. Two papers” suggest that geophysical data collected in 
recent years indicated a high overall earthquake probability and an increased short-term hazard. (Figure 


modified from ref. 4.) 


Two days later, an aftershock of magnitude 7.6 
expanded the rupture zone to the south for a 
total length of about 200 km. 

Of particular note was a period that lasted 
for at least three months, in which foreshocks 
propagated towards the eventual focus of the 
mainshock’. That is, rather than snapping with 
no warning signs, this great earthquake was 
preceded by a fascinating sequence of fore- 
shocks that, in retrospect, can be understood 
as part of a slow unfastening process leading 
up to and triggering the eventual earthquake 
rupture. The foreshocks occurred in a zone 
that had previously been recognized** as being 
less strongly coupled — in which the fault slips 
slowly without causing an earthquake (Fig. 1). 
It seems that the foreshocks, accompanied by 
slow aseismic slip in this partially locked zone, 
ultimately initiated a dynamic earthquake rup- 
ture, breaking the fully locked section to the 
southeast. 

There are still some questions to resolve 
regarding the sequence of events leading up to 
the Iquique earthquake. Schurr et al. find that 
the total surface displacements produced by 
models of the catalogued foreshocks in the sec- 
ond half of March 2014 match those observed 
with GPS. This indicates that there was little, 
if any, aseismic fault slip associated with this 
activity. By contrast, an independent analysis° 
of GPS data suggests that aseismic slow slip 


in the foreshock region greatly exceeded slip 
associated with the foreshocks alone. Addi- 
tional evidence for substantial aseismic fault 
creep comes from observations’ of very small, 
identically repeating earthquakes among the 
foreshocks on the plate-boundary fault. Ques- 
tions also remain about whether deformation 
within overlying crustal rocks contributed to 
the precursory activity, in addition to slip on 
the subduction thrust. The largest foreshock 
(magnitude 6.7) and several smaller events 
apparently occurred in the South American 
crust’”, suggesting a complicated sequence of 
events leading up to the mainshock. 

Most large earthquakes on plate-boundary 
faults are preceded by foreshock activity in the 
weeks before the event’. So should research- 
ers have anticipated the Iquique event and 
provided some warning as foreshocks 
unfolded in early 2014? Such sequences do 
not yet allow for confident earthquake predic- 
tion, because there is no accepted or consist- 
ent pattern of activity before an impending 
large earthquake. Indeed, we still do not know 
how to recognize foreshocks as such when 
they occur. However, it seems that swarms of 
events that accompany transient slow slip near 
strongly locked sections of a fault, as appar- 
ently occurred before the Iquique earthquake, 
are more likely than most background earth- 
quakes to be foreshocks of a large mainshock’. 
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Hayes et al. argue that if we can characterize 
the progression of both slow and earthquake 
slip on a plate boundary from high-quality 
geophysical data, we can also model the time- 
dependent rise in stress on the locked sections 
of the fault, and therefore formally estimate 
the increase in earthquake probability. For 
example, calculations have been made’ of the 
changes of stress, and of the related increase 
in probability of a large earthquake, associ- 
ated with a flurry of small earthquakes and 
associated slow slip for the locked section of 
the Hayward fault in California in 2011 and 
2012. In this case, the short-term increase of 
seismic hazard from the section that last rup- 
tured in 1868 was small. Such modelling of 
time-dependent deformation, stress and haz- 
ard might form the basis for time-dependent, 
operational earthquake forecasting", and 
thus formalize the message embedded in such 
potentially precursory activity. 

Little would have been known of the events 
leading up to the Iquique earthquakes if it 
had not been for the recent deployment of 
modern geodetic and seismic instrumentation 
in the region. Nonetheless, given that much of 
the activity occurred well offshore near the 
trench of the subduction zone, the distribu- 
tion of land-based stations is sub-optimal. It 
is important to improve geodetic and seismic 
monitoring, and to include offshore sea-floor 
instrumentation”, so that we can better under- 
stand unfolding plate-boundary fault activity 
preceding some great earthquakes. 

Comparison of the detailed models of the 
fault slip during the Iquique sequence’”® with 
the extent of the fully locked portions of the 
subduction thrust** worryingly indicates 
that only a small fraction of the seismic gap 
ruptured. As the current studies conclude, the 
Big One may still be to come. m 
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The time of the 
last Neanderthals 


The application of improved radiocarbon- dating techniques to samples from 
archaeological sites ranging from Russia to Spain has redefined the timing of the 
final disappearance of Neanderthals from Europe. SEE LETTER P.306 


WILLIAM DAVIES 


he question of when and how the 

| Neanderthals became extinct has 
long fascinated scientists. Three key 
advances have begun to transform our under- 
standing of this process: better removal of 
contaminants from ancient samples, more 
targeting of human fossils and artefacts for 
dating, and extension of calibration curves 
to 50,000 years ago for radiocarbon dates. On 
page 306 of this issue, Higham et al." combine 
these developments to investigate how the bio- 
logical and cultural transition from Neander- 
thals to modern humans might have occurred. 
The authors conclude that Neanderthals and 
their associated archaeological industries were 
gone from Europe between 41,000 and 39,000 
years ago, leaving the continent to our species. 
Improvements in methods for pretreating 
samples before radiocarbon dating, includ- 
ing the removal of humic-acid contami- 
nants from charcoal’ and the ultrafiltering 
of non-degraded collagen molecules from 
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bone samples’, have increased confidence in 
the accuracy and precision of radiocarbon 
dates older than 25,000 years ago. In cases in 
which ultrafiltration did not purify the sam- 
ple satisfactorily, amino acids characteristic 
of collagen can be extracted for dating’. The 
resulting dates have given us a finer-grained 
picture of changes in human behaviours and 
species in the key period between 50,000 
and 30,000 years ago, when modern humans 
(Homo sapiens) reached Europe and, eventu- 
ally, replaced Neanderthals. 

Higham and colleagues applied such pre- 
treatments and dating methods to carefully 
selected samples from 40 sites. The samples 
included Neanderthal bones and artefacts 
from the Mousterian and Chatelperronian 
stone-tool industries, which are frequently 
associated with Neanderthals, and Uluzzian 
artefacts, possibly made by modern humans 
(Fig. 1). The authors then used Bayesian age 
models to convert their radiocarbon dates to 
calendar years, using stratigraphic positions of 
samples from each site to refine calibrated ages. 
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Figure 1 | Ancient environments. The map shows the location of the 40 sites from which Higham et al." 
collected and dated archaeological samples. Many of these coincide with regions of high estimated levels 
of net primary (plant) productivity (NPP; measured in kilograms of carbon per square metre per year) for 
42,000 years ago" . Most are thought to be Neanderthal sites; some (34, 36, 37, 39) may represent modern 


humans. White shading depicts ice cover. 
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According to the authors, Europe at 
45,000 years ago was essentially Neanderthal, 
with small pockets of modern humans, repre- 
sented by the Uluzzian stone-tool industry, in 
regions such as Italy. Their models plot chang- 
ing spatial distributions of Neanderthals and 
modern humans over the subsequent five 
millennia, with temporal overlaps between 
Neanderthals and modern humans of between 
470 and 4,900 years, depending on region. 
In human terms, these transitions spanned 
some 25 to 250 generations, culminating in 
the restriction of the Neanderthal presence 
in Europe to France at 40,000 years ago and 
their eventual extinction. Contrary to previous 
models”®, the authors find no convincing evi- 
dence of Neanderthal survival in Iberia after 
40,000 years ago. 

The copious data collected by Higham et al. 
test traditional, assumed associations between 
human species and archaeological industries. 
The assumption that we can attribute Mouste- 
rian industries (which are based on triangular 
or roughly oval flakes derived from carefully 
shaped nodules) to Neanderthals is simplistic, 
because we know that modern humans made 
similar tools in the Levant and Africa’*. Con- 
versely, claims of a late Neanderthal presence 
in regions such as Gibraltar® have been based 
purely on the supposed exclusive association 
of European Mousterian industries with that 
species. There are no associated Neanderthal 
remains with such late (post-40,000 years ago) 
Mousterian industries, and thus the evidence 
for extended survival of Neanderthals in Iberia 
remains hypothetical. 

Crude equivalences between human species 
and archaeological industries suited archae- 
ologists when dating methods were similarly 
rudimentary. However, improvements in 
chronological accuracy and precision, and 
the incorporation of information derived 
from studies of ancient DNA and environ- 
ments now allow more dynamic and mosaic 
models of change to be explored. “Transitions’ 
need not be seen as intermittent, sudden shifts 
from one set of stable conditions to another, 
but as dynamic processes operating at multiple 
spatial and temporal scales. 

Higham et al. do not explore all the 
ramifications of their data. For example, 
morphological changes in human fossils can 
be directly dated and compared with time 
estimates for genetic evidence of interbreeding 
between Neanderthals and non-A frican mod- 
ern humans. Currently, the greatest amount of 
gene flow is thought to have occurred around 
77,000-114,000 years ago’, long before the 
claimed skeletal evidence for interbreeding 
at 45,000-35,000 years ago’”. This seeming 
asynchronicity between genetic and skeletal 
patterning has yet to be explained. 

In addition, the authors do not discuss 
why the Chatelperronian — a Neanderthal 
industry from France and northern Spain — 
apparently ended at much the same time as the 
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modern-human Uluzzian industry of Italy and 
Greece, 39,000-40,000 years ago. Makers of the 
Uluzzian were perhaps partially affected by the 
nearby Campanian Ignimbrite volcanic erup- 
tion at around 39,400 years ago", but we have 
no evidence of this eruption, and thus its asso- 
ciated cultural impact, farther west in France”, 
Thus, multiple reasons, including dispersal of 
new technologies (such as the Aurignacian) 
and modern-human groups, must be explored 
to explain the disappearance of these ‘transi- 
tional’ archaeological industries. 

Spatial gaps also exist in Higham and 
colleagues’ coverage: western Europe and the 
Mediterranean zones of eastern Europe are 
well represented, but inland central and east- 
ern Europe are effectively excluded from their 
models. Archaeologically, the latter regions 
contain a diverse array of industries, often 
situated in patches of high plant productiv- 
ity’ (Fig. 1), the chronology and human-fossil 
associations of which are poorly understood. 
To assess further the behavioural, ecological 
and biological mosaics at the time of the tran- 
sition from Neanderthals to modern humans, 
we need to bring this region up to the precision 
and coverage of the rest of Europe. 

More chronological work is now required: 
new sites need to be dated, and reanalyses are 
required for problematic samples. Higham 
and colleagues’ study has thrown down the 
gauntlet, and future researchers will need to 
try hard to demonstrate Neanderthal survival 
in Europe after 40,000 years ago. Researchers 
should instead focus on the more interesting 
questions of how and why human species and 
behaviours varied spatio-temporally in Europe 
in the period between 50,000 and 30,000 years 
ago, because understanding such patterns may 
provide fascinating insight into human ecol- 
ogy, social networks and the exchange of ideas 
at that time. m 
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Complexity trapped 
by simplicity 


Devices known as magneto-optical traps have long been used to cool and confine 
atoms, but not molecules — until now. This new ability should enable many 
studies and applications of the physics of ultracold molecules. SEE LETTER P.286 


FRANCESCA FERLAINO 


n page 286 of this issue, Barry et al.’ 

report the first demonstration that 

diatomic molecules can be caught ina 
three-dimensional magneto-optical trap — a 
device that combines the effects of lasers and of 
a magnetic field to capture and cool particles. 
By using this approach, the authors reach the 
lowest temperature yet achieved for molecules 
using direct-cooling methods. This opens the 
way to the study of a plethora of fascinating 
phenomena in quantum physics, and might 
enable applications ranging from quantum 
information processing and simulations, 
to precision measurements and ultra-cold 
chemistry’. 

Molecules — even simple diatomic mol- 
ecules — are many times more complex than 
atoms. They possess a large number of internal 
states because of their electronic, vibrational 
and rotational degrees of freedom. Diatomic 
molecules can also carry an electric dipole 
moment and can undergo involved reactive 
processes, adding to their complexity. But it is 
precisely this complexity that makes molecules 
so interesting. 

Tremendous progress has been made in 
cooling and slowing ensembles of molecules” 
to study their quantum behaviour. However, 
despite intense experimental and theoreti- 
cal studies, developing a versatile strategy to 
simultaneously deeply cool and trap molecules 
of various kinds remains a major challenge. 
With the approach of the 20th anniversary of 
the first realization of an atomic Bose-Einstein 
condensate*® — an ensemble of ultracold atoms 
that exhibits collective quantum behaviour — 
now is a good time to ask why molecules have 
been so much more difficult to capture and 
manipulate in cooling experiments. 

The rapid development of ultracold-atom 
physics is certainly due in part to the success 
and robustness of laser cooling*”. When it was 
first proved that massless photons could exert 
a radiation-pressure force on massive parti- 
cles, such as sodium atoms, causing the atoms 
to slow down (that is, to be cooled), the full 
implications for atomic, molecular and opti- 
cal physics were no doubt unseen. But in less 
than half a century, physicists have used this 
phenomenon in methods to manipulate, trap 


and cool an ever-increasing number of atomic 
species, and have also trapped ions to ultra- 
cold temperatures. Nowadays, every standard 
experiment with ultracold atoms employs a 
magneto-optical trap (MOT) to capture and 
cool atoms down to temperatures of roughly 
tens of microkelvins. 

The MOT technique was originally 
proposed by the physicist Jean Dalibard in 
the 1980s (ref. 6), and was demonstrated in the 
laboratory soon after’. A typical MOT is real- 
ized using three pairs of counter-propagating 
light beams and a static quadrupole mag- 
netic field. Its working principle is based on 
laser cooling, which involves an exchange 
of momentum between an atom and a pho- 
ton in repeated cycles of photon absorption 
and emission. During a cycle, the atom is 
first excited to a high-energy state and then 
spontaneously decays back to its initial state. 
Although the cooling effect is extremely pow- 
erful, it does not provide spatial confinement. 
But in a magnetic-field gradient, the light field 
becomes position dependent, and generates a 
restoring force that gathers atoms around the 
zero-magnetic-field position. 

So how does this technique apply to the 
cooling and trapping of molecules, with their 
complicated internal states? The resulting 
complexity is so great that finding transi- 
tions between states suitable for absorption— 
emission cycles seems, at first glance, to 
be a hopeless task. This prejudice has been 
partially broken down by the experimental 
demonstration of direct laser cooling of some 
simple diatomic molecules*”, including two- 
dimensional transversal MOT cooling of a 
molecular beam”, and cooling of polyatomic 
molecules through a mechanism known as the 
opto-electric Sisyphus effect". 

Barry and colleagues’ report of magneto- 
optical trapping of strontium monofluoride 
molecules represents a major advance in 
molecular cooling. Using their approach, 
complex molecules can be treated like atoms 
— in other words, the standard three-dimen- 
sional configuration of an atomic MOT can be 
applied to molecules. 

The researchers’ optical-cooling cycle uses 
a remarkably simple recycling scheme that 
involves just a few excited molecular states’” 
and only four light wavelengths. The trick is 
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to use a manifold of rotational excited states 
that has fewer energy levels than the ground- 
state manifold. The molecules therefore have 
relatively few escape routes from the cooling 
cycle, so that, in this case, only three light 
wavelengths are needed to pump escaped 
atoms back into the cycle. The price paid 
for this approach is a weaker net radiation- 
pressure force than that in ordinary atomic 
MOTs, and thus fewer molecules collected 
in the trap. However, schemes and ideas of 
how to circumvent this problem have been 
proposed’. 

Barry et al. report that, after 10° cycles of 
absorption and emission, their MOT con- 
tains about 300 molecules at a temperature 
of 2.5 millikelvins. These numbers, although 
certainly below the performance of ordinary 
MOTs of atoms (which typically trap 10° to 
10’ atoms at temperatures of tens to hundreds 
of microkelvins) prove for the first time that 
molecules can be cooled and trapped. Cooling 
decreases the range of velocities of molecules 
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in an ensemble, whereas trapping clusters the 
molecules together. This combination provides 
a route to high-density molecular ensembles. 

The magneto-optical trapping of molecules 
might have the same tremendous impact as its 
atomic counterpart, revolutionizing the field 
of molecular cooling. Barry and co-workers’ 
strategy of applying atomic approaches to mol- 
ecules is only the beginning. As noted earlier, 
molecules possess a feature absent in atoms: 
strong electric dipole moments. It is time to 
use this property at the lowest temperatures 
achievable in MOTs to trigger dipolar scat- 
tering, or to create a reservoir of electrically 
trapped molecules in metastable states to refill 
the MOT, as has been achieved for strongly 
magnetic atoms by exploiting their magnetic 
dipoles’. m 
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Human melting pots 
in southeast Asia 


New genetic methods to analyse mixed human populations have extended 
existing, multidisciplinary evidence for the historical migrations and mixings 


of Austronesian peoples. 


JARED DIAMOND 


spread language family was the Austro- 

nesian family, which includes modern 
Philippine, Indonesian and Polynesian lan- 
guages’ *. It extended halfway around the 
globe, from Madagascar to Easter Island 
(Fig. 1). How did these languages spread so 
far, before colonial empires and modern ships 
existed? Writing in Nature Communications, 
Lipson et al.* present comprehensive genetic 
data that, combined with previous studies” of 
human biology, ancient skeletons, linguistics 
and archaeology, build a picture of Austro- 
nesian migrations and ancestry. In the process, 
they introduce methods for resolving compo- 
nents of genetically mixed human populations, 
which constitute most populations today. As 
a result, the Austronesian story becomes a 
model of a multidisciplinary approach to 
reconstructing human history. 

Modern populations in mainland and 
island southeast Asia fall into three groups as 
classified by differences in human biology — 
physical characteristics and appearance. The 
largest group encompasses modern Chinese 


| os centuries ago, the world’s most wide- 


and most mainland southeast Asians, Philippine 
people and Indonesians west of New Guinea. 
A second group, the Australo-Papuans, con- 
sists of modern Papuans (also known as New 
Guineans) and the distantly related Aborigi- 
nal Australians. The third group (Negritos) 
comprises diminutive Papuan-like peoples 
scattered from the Andaman Islands to the 
Philippines. From ancient skeletons, we know 
that, until 5,000 years ago, the people of south 
China, mainland southeast Asia and Indo- 
nesia were Australo-Papuans or Negritos, 
rather than Chinese-like. Hence, these first 
two strands of evidence — human biology 
and ancient skeletons — suggest that people 
from China replaced the original populations 
of mainland southeast Asia and Indonesia in 
the past 5,000 years. 

The linguistic evidence is dramatic’. All 
modern Philippine, Indonesian and Poly- 
nesian languages, some languages of coastal 
New Guinea and southeast-most mainland 
Asia, and Madagascar’s Malagasy language 
are Austronesian. From these facts, a non- 
linguist, inclined to guess that a language fam- 
ily would have originated near the centre of 
its modern geographic range and populations, 
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might conclude that Austronesian languages 
arose in Indonesia. But that would be like 
mistakenly concluding that modern Ger- 
manic languages (the language subfamily that 
includes English) arose in North America, 
where most Germanic-language speakers live 
today. Instead, linguists deduce that Austro- 
nesian languages arose on Taiwan, because 
eight of the approximately nine Austronesian- 
language subfamilies are confined to Taiwan's 
aboriginal people (its inhabitants before the 
Chinese immigration). All Austronesian 
languages outside Taiwan belong to the ninth 
subfamily. 

This picture, of a spread of Austronesian 
languages out of Taiwan, resembles the known 
history of Germanic languages, which arose in 
continental northwest Europe and still have 
their highest diversity there, and of which 
only one spread to England and thence to 
North America. Could the postulated spread 
of Austronesian languages from Taiwan 
through Indonesia be related to the spread of 
an ancient Chinese people through Indonesia, 
as suggested by human biology and ancient 
skeletons? 

Further evidence comes from archaeol- 
ogy”. This tells us that, until about 2200 Bc, 
all known Philippine and Indonesian popula- 
tions were hunter-gatherers without pottery, 
farming or polished stone tools. Beginning 
around 2200 Bc, red pottery, Taiwan jade, 
polished stone tools and domestic animals 
spread across the Luzon Strait from Taiwan, 
first to the northern Philippines and then 
south and east through Indonesia. Might those 
first Philippine and Indonesian farmers have 
carried not only animals and human skeletal 
traits but also Austronesian languages? 

Enter Lipson and colleagues, whose genetic 


evidence’ clarifies previous genetic studies’ *°. 
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Figure 1 | The modern geographic extent (shaded) of Austronesian languages, and their proposed routes of spread. 


The authors used single-nucleotide variations 
in DNA sequences to construct a phylo- 
genetic tree of 31 Austronesian and 25 non- 
Austronesian populations. They then devel- 
oped a quantitative method, termed MixMap- 
per 2.0, to identify and statistically test multiple 
source populations contributing to this tree. 

Their analysis of Austronesian populations 
reveals four ancestral source components, 
most-closely related to aboriginal Taiwanese 
people, Negritos, Papuans and H’tin (a main- 
land southeast-Asian people speaking an 
Austro-Asiatic language). The aboriginal Tai- 
wanese seem to consist of only the first com- 
ponent, but all other Austronesian populations 
analysed were found to be mixtures of two or 
three components: always the Taiwanese- 
like component, plus one or two others. The 
second-largest component is the Negrito-like 
in the Philippines, the Papuan in east Indo- 
nesia, and Polynesia and the Austro- Asiatic in 
west Indonesia. 

The first three of these four components 
support indications from human biology, 
skeletons and archaeology that ancient south 
Chinese farmers colonized Taiwan and over- 
ran previous hunter-gatherer populations of 
the Philippines and Indonesia, in the process 
incorporating their genes (especially genes 
from Negritos in the north and west and from 
Papuans in the east). But the biggest surprise 
of Lipson and colleagues’ study is the identifi- 
cation of a genetic component (especially in 
west Indonesia) related to speakers of Austro- 
Asiatic languages. Today, these languages 
are confined almost exclusively to mainland 
southeast Asia; except for modern Vietnam- 
ese and Cambodian, they are mainly spoken 
in small pockets surrounded by speakers of 
Tai and Sino-Tibetan languages. Evidently, the 
first farmers who spread south from China’s 


agricultural homeland spoke Austro-Asiatic 
languages, which then became partly replaced 
by other languages carried by subsequent 
farmer expansions. 

How did genes of mainland Asian farmers 
speaking Austro-Asiatic languages end up in 
west Indonesia, where no Austro-Asiatic lan- 
guages are spoken today? The most probable 
scenario is that Taiwan's Austronesian farmers 
spread not only south into the Philippines, but 
also southwest into mainland southeast Asia, 
mixed there with Austro- Asiatic farmers and 
then colonized west Indonesia. But Lipson 
et al. acknowledge two other possibilities: that 
Austronesians spreading south encountered 
Austro- Asiatic farmers already established 
in west Indonesia, for whom archaeologi- 
cal evidence is still lacking; or that Austro- 
Asiatic farmers spread into west Indonesia 
after Austronesian farmers arrived there. 

Lipson and colleagues’ conclusions focus 
attention on fascinating unresolved ques- 
tions. For example, which of these hypotheses 
for how Austronesians picked up Austro- 
Asiatic genes is correct? How and when did 
Chinese languages replace proto- Austronesian 
languages in coastal South China? Why do all 
Philippine and Indonesian populations today, 
which are genetic mixtures of Austronesians 
and non-Austronesians, speak Austronesian 
languages, except for a few Papuan languages 
in Timor and Halmahera? And do modern 
Austronesians evince any genetic contribu- 
tion from the micropygmies’' who formerly 
inhabited the island of Flores and became 
replaced there by Homo sapiens hunter- 
gatherers, who in turn mixed with Austro- 
nesian farmers? 

Two further questions involve specific peo- 
ples of perplexing origins. The most aston- 
ishing fact of modern human geography is 


Madagascar’s colonization around ap 500, 
from across the Indian Ocean, by Austronesian 
farmers speaking a language whose closest rel- 
ative today is spoken on the Indonesian island 
of Borneo. But the Malagasy’s ancestors surely 
did not arrive by a non-stop 8,000-kilometre 
flight from Borneo; will future genetic stud- 
ies illuminate the intermediate steps? Finally, 
Austronesians expanded from Taiwan south 
into the Philippines, east to the Marianas and 
southwest to Malaysia. Might they also have 
expanded north to Japan, thereby contributing 
to the much-debated origins of the Japanese 
people’? = 
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Ribosomal frameshifting in the CCR5 
mRNA is regulated by miRNAs and the 


NMD pathway 


Ashton Trey Belew!*, Arturas Meskauskas!?*, Sharmishtha Musalgaonkar', Vivek M. Advani’, Sergey O. Sulima't, 
Wojciech K. Kasprzak?, Bruce A. Shapiro* & Jonathan D. Dinman! 


Programmed —1 ribosomal frameshift (—1 PRF) signals redirect translating ribosomes to slip back one base on messenger 
RNAs. Although well characterized in viruses, how these elements may regulate cellular gene expression is not understood. 
Here we describe a —1 PRF signal in the human mRNA encoding CCR5, the HIV-1 co-receptor. CCR5 mRNA- mediated —1 
PREF is directed by an mRNA pseudoknot, and is stimulated by at least two microRNAs. Mapping the mRNA-miRNA 
interaction suggests that formation of a triplex RNA structure stimulates —1 PRF. A —1 PRF event on the CCR5 mRNA 
directs translating ribosomes to a premature termination codon, destabilizing it through the nonsense-mediated mRNA 
decay pathway. At least one additional mRNA decay pathway is also involved. Functional —1 PRF signals that seem to be 
regulated by miRNAs are also demonstrated in mRNAs encoding six other cytokine receptors, suggesting a novel mode 
through which immune responses may be fine-tuned in mammalian cells. 


Viral programmed ribosomal frameshift events typically produce 
carboxy-terminally extended fusion proteins. However, computational 
analyses predict that >95% of —1 PRF events on cellular mRNAs direct 
ribosomes to premature termination codons (PTC), suggesting that —1 
PREF may be used by cells to regulate gene expression by destabilizing 
mRNAs through the nonsense-mediated mRNA decay (NMD) pathway’. 
Whereas a role for —1 PREF has been shown in yeast”, it has not been 
tested in higher eukaryotes so far. In yeast, mutants and drugs that 
globally affect — 1 PRF generally promote deleterious phenotypes’, and 
global dysregulation of —1 PRF may contribute to human disease**’. 
How sequence-specific regulation of —1 PRF might be achieved has 
been the central unanswered question in the field. 


A —1 PREF signal in the CCR5 receptor mRNA 

CCRS is a cytokine receptor which is exploited by HIV-1 as a co- 
receptor for entry into CD4* T-cells*. A strong candidate — 1 PRF signal 
beginning at nucleotide 407 in the human CCR5 mRNA was identified 
computationally’. This sequence is >99% conserved among the great 
apes and is highly conserved among the higher primates (Extended 
Data Fig. 1). Using dual luciferase reporters (Extended Data Fig. 2a), 
the CCR5 sequence promoted 9-11% —1 PRF in HeLa (Fig. 1a) and 
4.5-6.3% in Chinese hamster ovary (CHO) or Vero cells (Extended 
Data Fig. 2b). Mutagenesis of the slippery site from UUUAAAA to 
GCGCGCG reduced —1 PRF to <1% (Fig. 1a). Introduction of an in- 
frame termination codon (PTC control) 5’ of the CCR5-derived sequence, 
or placing the firefly luciferase reporter out of frame with respect to 
Renilla reduced —1 PRF levels by more than two orders of magnitude 
(Fig. 1a), ruling out the possible presence of either a splicing donor site 
or an internal ribosome entry signal (IRES). An in vitro translation 
assay revealed a peptide consistent with a CCR5 — 1 PRF event at levels 
comparable to that promoted by the HIV-1 —1 PRF signal (Fig. 1b). 
Liquid chromatography dual mass spectroscopic analysis of an affinity 


purified CCR5-f-gal fusion protein (Extended Data Fig. 2c) unam- 
biguously identified the predicted —1 frameshift peptide harbouring 
the junction between the 0— and —1 frame encoded CCR5 sequence 
(Fig. 1c, Extended Data Fig. 2d). Analysis of published ribosome pro- 
filing data from human cells’® revealed a sizable fraction of ribosomes 
paused at the CCR5 — 1 PRF signal, 9/59 (~ 15%) of which were shifted 
into the —1 reading frame (Fig. 1d). These four lines of inquiry demon- 
strate that this sequence in the human CCR5 mRNA promotes efficient 
—1 PRF. 


Structural analysis 

Computational analyses predicted the presence of two nearly equival- 
ent downstream mRNA pseudoknots or a tandem stem-loop structure 
immediately 3’ of the slippery site (Extended Data Fig. 3a). Analyses of 
chemical modification assays of a CCR5 runoff transcript (Extended 
Data Fig. 3b, c) were consistent with the presence of a two-stemmed 
mRNA pseudoknot (Fig. 2). Whereas the slippery site distal region of 
Stem 1 is stable, the proximal region is conformationally dynamic, con- 
sistent with single-molecule optical trap experiments revealing a com- 
plex network of folding pathways for this element''. The weak slippery 
site proximal half of stem 1 coupled with the internal bulge is remin- 
iscent of the HIV-1 —1 PREF signal solution structure” and is consistent 
with the emerging view of conformational complexity as a critical 
feature of recoding pseudoknots’*“*. Stem 2 contains four semi-helical 
segments (labelled a, b, d, e in Fig. 2a), plus a small segment in the middle 
(c), all separated by unpaired bases. The unpaired bases may allow the 
entire structure to bend, enabling U23 to bridge the gap between C22 
and U24. The ‘best fit’ conformer diagrammed in Fig. 2a was used as the 
basis for molecular-dynamics-based simulation of the CCR5 —1 PRF 
stimulatory mRNA structure (Fig. 2b, Extended Data Fig. 3d, e). The 
root mean squared deviation (r.m.s.d.) average structure was calculated 
for the last 12 ns of an 80-ns long molecular dynamics simulation, where 
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Figure 1 | The CCR5 sequence promotes efficient frameshifting. 

a, Measurement of —1 PRF in HeLa cells. —1 PREF efficiency was monitored 
in HeLa cells using dual luciferase reporters. Error bars denote an 
approximation of standard errors. ***P < 0.001 compared to the out of frame 
control (Student’s two-tailed t-test). b, Efficient —1 PRF promoted by the 
CCRS sequence in vitro. Autoradiogram of in vitro translation reaction 

using mRNAs harbouring CCR5- or HIV-1-derived —1 PRF signals. Green 
arrows denote 0-frame encoded products. Red arrows denote —1 PRF encoded 
peptides. RTC indicates the readthrough control. Percentage —1 PRF 
promoted by CCRS5 and HIV-1 frameshift signals is indicated below the lanes. 
c, Liquid chromatography with tandem mass spectrometry (LC-MS/MS) 
spectrum of a proteolytic fragment containing the CCR5 frameshift 

peptide. N-terminally acetylated leader peptide sequence is coloured blue, 
CCR5-derived 0-frame sequence beginning at V94 is red, and CCR5 —1 frame 
encoded sequence beginning after L101 is coloured green. d, Ribosomes 
accumulate at the CCR5 —1 PRF signal. Data mined from ref. 10. Top, locations 
of the —1 PREF signal and first —1 frame termination codon are indicated. 
Bottom, profiling data at the slippery site (indicated in capital letters) at single 
nucleotide resolution. Ribosomes arrested in the three different reading frames 
are colour-coded. 


the r.m.s.d.s of the full structure and its two sub-domains SL1 (nucleo- 
tides 8-22 and 55-75) and SL2 (nucleotides 24-53 and 76-103) are most 
stable. The total energy for this structure is —24,296 kcal mol '. 


Stimulation of —1 PRF by miR-1224 


As cellular gene expression tends to be regulated, it is reasonable to 
hypothesize that —1 PRF might be regulated in a sequence-specific 
manner. This could be achieved through base-pairing interactions 
between specific small noncoding RNAs (ncRNAs) and —1 PRF signals, 
a hypothesis supported by the ability of antisense oligonucleotides to 
stimulate — 1 PRF (reviewed in ref. 1). Computational searches revealed 
miR-1224, miR-711 and miR-141 as potential interacting partners with 
the CCR5 —1 PRF signal (Extended Data Fig. 4a). Transfection of HeLa 
cells with a miR-1224 precursor revealed concentration-dependent en- 
hancement of CCR5-mediated — 1 PRF (Fig. 3a). miR-1224 did not affect 
HIV-1-mediated —1 PRF. Addition of a miR-1224 antagomir (anti-miR- 
1224), or short interfering RNA knockdown of argonaute 1 reversed the 
effect of miR-1224 on CCR5-mediated —1 PRF (Fig. 3b). Although 
anti-miR-1224 seemed to stimulate CCR5 —1 PREF, the effect was not 
significant (P = 0.15). siRNA knockdown of mRNAs encoding pro- 
teins involved in miRNA processing inhibited CCR5-mediated —1 
PRF, but stimulated HIV-1-driven —1 PRF (Fig. 3c), supporting the 
model of sequence-specific regulation of — 1 PRF through interactions 
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Figure 2 | Models of the CCR5 —1 PRF stimulating mRNA pseudoknot. 
a, Best-fit two-dimensional model based on chemical modification analyses. 
b, Three-dimensional model, two views. Slippery site is green, stem 1 is dark 
blue, unpaired bases and the loop within stem 1 are light blue, paired bases in 
stem 2 are red, and unpaired bases in stem 2 are yellow. 


between miRNAs and —1 PREF signals. Neither miR-141 nor miR-711 
affected —1 PRF in a HeLa-cells-based assay (Extended Data Fig. 4b), 
perhaps owing to the presence of endogenous miR-711, and/or miR- 
141. However, miR-141 specifically stimulated CCR5-mediated —1 
PRF in CHO cells (Extended Data Fig. 4c). 


miR-1224/CCR5 mRNA interactions 


Two different in vitro electrophoretic mobility shift assays (EMSAs) 
were used to probe the interactions between the CCR5 —1 PREF signal 
and miR-1224. In one, the RNAs were mixed and incubated at physio- 
logical temperature (‘native’), whereas in the second, they were co- 
denatured at high temperature and slowly annealed (‘refolded’). Both 
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Figure 3 | Specific stimulation of CCR5-mediated —1 PRF by miR-1224. 
a, HeLa cells were transfected with 0-30 nmol of miR-1224 miRNA expressing 
constructs and with HIV-1 or CCR5 —1 PREF reporters. b, PRF assays of 
HeLa cells mock-transfected (0), or transfected with scrambled miRNA (Scr), 
a miR-1224 antagomir (anti-1224), miR-1224, miR1224 + anti-miR-1224, or 
miR-1224 plus an siRNA directed against argonaute 1. c, Ablation of the 
miRNA processing machinery affects —1 PRF promoted by the HIV-1 and 
CCRS frameshift signals. — 1 PRF assays were performed using cells transfected 
with siRNAs targeting Argonaute 1 (AGO1), Argonaute 2 (AGO2), DGCR8, 
exportin 5 (XPOS) or scrambled sequences (Scr). Error bars denote standard 
error. *P < 0.05, **P < 0.01 (Student’s two-tailed t-test). 
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reactions were resolved through native polyacrylamide gel electrophor- 
esis (PAGE; Extended Data Fig. 5a, b). Although miR-1224 interacted 
with the CCR5 sequence with sub-nanomolar dissociation constants in 
both conditions, its affinity was approximately twofold higher in the 
‘native’ context (Fig. 4a). miR-1224 enhanced the appearance of multiple 
pre-existing conformers, particularly in the ‘refolded’ context, consistent 
with the structurally complex nature of the pseudoknot. miR-1224 
did not interact with a transcript containing the HIV-1 —1 PRF signal 
(Extended Data Fig. 5c, d). 

An affinity capture assay to probe CCR5-miR-1224 interactions 
in HeLa Tzm-BL cells expressing CCR5’° revealed an approximately 
threefold enrichment for CCR5 mRNA relative to cells transfected 
with a scrambled control (Fig. 4b). In a parallel experiment in HeLa 
cells, the CCR5 —1 PRF signal containing dual-luciferase reporter mRNA 
was enriched more than 2,000-fold compared to no-miRNA controls 
(Fig. 4c), whereas the HIV-1 —1 PRF reporter was only enriched about 
tenfold. These findings demonstrate that miR-1224 specifically inter- 
acts with the CCR5 —1 PRF signal in live cells. Selective 2'-hydroxyl 
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Figure 4 | Mapping and modelling the interactions of miR-1224 with the 
CCRS5 —1 PRE signal in vitro and in live cells. a, Dilutions of CCR5 —1 PRF 
signal (R5) transcript were mixed with [°?P]-labelled miR-1224 RNA (miR), 
and incubated at 30 °C (Native), or denatured at 90 °C and slowly cooled 
(Refolded). Samples separated through native PAGE were quantified and 
data plotted onto single site binding isotherms. Kp values and standard 
deviations are indicated. b, In vivo pull-down of native CCR5 mRNA in live 
cells. Biotinylated miR-1224 precursor or a scrambled biotinylated control 
(Scr) were transfected into HeLa TZM BL cells expressing CCRS. Fold 
enrichment of affinity purified mRNAs were analysed by quantitative PCR with 
reverse transcription (qRT-PCR) using CCR5- or GAPDH-specific primer sets. 
c, HeLa cells were co-transfected with dual-luciferase plasmids containing 
either the CCR5 or HIV-1 —1 PRF signal sequences and affinity-purified 
mRNAs were analysed as in b. d, EMSA assays were performed using 
miR1224 and M1, M2 and M3 variants of the CCRS signal using native 
conditions. Single site binding isotherms generated from these data are plotted. 
Kp values are indicated. For a and d, n = 6 for each sample (three times each 
of two technical replicates). For b and c, n = 9 for each sample (three times 
each for three biological replicates. Error bars denote standard deviation. 

*P < 0.05, ***P < 0.001 (Student’s two-tailed t-test). e, Conceptual model of 
CCRS5 pseudoknot complexed with miR-1224 (purple). 
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acylation analysed by primer extension (SHAPE) did not reveal differ- 
ences in RNA modification patterns in the presence of miR-1224 
(Extended Data Fig. 5e), suggesting that miR-1224 does not function 
to create any new conformation(s) of the CCR5 —1 PREF signal per se. 
Rather, it may stabilize a pre-existing structure(s) promoting efficient 
—1 PRF. 


Mapping the miR-1224 binding site 

CCR5-derived transcripts harbouring mutations in the predicted miR- 
1224 interacting sequences (mutants M1-M3, Extended Data Fig. 6a) 
were assayed by EMSA. The 5’ proximal mutant (M1) yielded the same 
Kp (0.76 nM) as the wild-type sequence under ‘refolded’ conditions, 
the central sequence mutant (M2) promoted the same dissociation 
constant as the wild-type sequence assayed under ‘native’ conditions 
(0.36 nM), and the 3’ proximal binding site mutant (M3) caused an 
approximately 100-fold increase in Kp (42nM) (Fig. 4d, Extended 
Data Fig. 6b, c). These findings suggest that miR-1224 may participate 
in a triple helical interaction with subdomains a-d of Stem 2 under 
native conditions (modelled in Fig. 4e and Extended Data Fig. 6c). The 
predicted triple-base interaction between miR-1224 and Stem 2 is con- 
sistent with the stable 3’ end of the pseudoknot identified in the mole- 
cular dynamics simulation (Extended Data Fig. 3d, e). The ‘torsional 
restraint’ model of — 1 PRF posits that ribosomes are directed to pause 
over the slippery site by Stem 2-induced supercoiling of Stem 1'°. The 
miR-1224 mapping data are consistent with this model: increased sta- 
bility of the Stem 2 by the mRNA-miRNA interaction renders this 
structure even more difficult to resolve, further increasing the fraction 
of paused ribosomes. miR-141 is predicted to interact with the same 
region of the CCR5 —1 PRF signal whereas miR-711 is not, suggesting 
that miR-141 enhances CCR5-directed —1 PRF ina similar manner to 
miR-1224. The sequence of the mature miR-1224 is 100% conserved 
among higher primates (Homo, Pan, Pongo and Macaca) as is its binding 
site with the 3’ end of their respective CCR5 —1 PRF signals, suggesting 
that miR-1224-mediated regulation of CCR5 —1 PRF is evolutionarily 
conserved. It is also notable that the miR-1224/CCR5-interacting se- 
quences do not conform to established seed sequences for miRNAs. 


mRNA suicide through —1 PRF 


Ribosome profiling data also revealed a cluster of ribosomes paused 
at the first —1 frame termination codon after the CCRS5 slippery site 
(Fig. 1d). A series of rabbit B-globin-derived reporters (Extended Data 
Fig. 7a) were used to assess the effects of the CCR5 —1 PRF signal on 
mRNA steady-state abundance and stability. Steady-state abundance 
of the CCR5 —1 PRF-containing reporter mRNA was about 38% of the 
readthrough control and was further decreased upon addition of miR- 
1224 (~10% of readthrough control), consistent with an inverse cor- 
relation between —1 PREF efficiency and mRNA abundance’ (Fig. 5a). 
Anin-frame PTC strongly decreased mRNA abundance (~1% of read- 
through control). A reporter with the tumour necrosis factor (TNF)-- 
derived AU-rich element (ARE) in its 3’ untranslated region (UTR)” 
reduced mRNA abundance to ~22%. In combination with the CCR5 
—1 PREF signal, mRNA abundance was reduced to ~6%, consistent 
with NMD and ARE-mediated decay operating independently of one 
another. The CCRS slippery site mutant (SSM) decreased reporter 
mRNA abundance to ~64%, and addition of miR-1224 decreased this 
to ~47%. The former finding suggests that the stable mRNA pseudo- 
knot has mRNA destabilizing activity independent of frameshifting, 
perhaps through the no-go mRNA pathway as described in yeast’®. Its 
stabilization by miR-1224 may enhance this process. Alternatively, 
miR-1224 may promote accelerated mRNA turnover through canon- 
ical miRNA-mediated translational repression’. However, if this were 
true, miR-1224 should have reduced SSM mRNA abundance to the 
same extent as the native sequence. Abundance of the CCR5 —1 PRF 
signal containing reporter mRNA was increased by about 4.4-fold by 
partial siRNA knockdown of NMD (Fig. 5b). Abundance of the SSM 
construct was not increased by NMD ablation, consistent with its mRNA 
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Figure 5 | miRNA mediated control of CCR5 expression through —1 PRF 
and NMD. a, qRT-PCR analysis of rabbit B-globin reporter (see Extended 
Data Fig. 7a) steady-state abundances in HeLa cells reported as fold of the 
native B-globin readthrough control (RTC). b, Rabbit B-globin reporter 
abundances in cells transfected with siRNAs directed against human UPF1 or 
UPF2 compared to cells transfected with scrambled siRNA. c, HeLa TZM cells 
were mock-transfected, transfected with scrambled siRNA, human SMG1 
siRNA (5-15 nM), miR-1224 precursor (5 and 20nM), AGOI or DGCR8 
siRNAs (10 nM each). The effects of transfected RNA species on CCR5 mRNA 
steady-state abundance were assayed by qRT-PCR. d, Quantitative sandwich 
enzyme-linked immunosorbent assay (ELISA) of samples from c. Cell 

lysates (16 jig protein per sample) were assayed and total amounts of CCR5 
protein were determined relative to standards. e, Computationally identified 
putative —1 PRF signals assayed in HeLa cells transfected with an siRNA 
directed against AGOI or a scrambled siRNA control. Numbers in human 
IL8R«a denote the nucleotide positions of the beginning of the slippery sites in 
the native mRNA. a-c, n = 9 (three times on three independent biological 
replicates). d, n = 8 (quadruplicate assays of two independent biological 
replicates). Error bars denote standard error. *P < 0.05, **P < 0.01 (Student’s 
two-tailed t-test). 


destabilizing activity being independent of —1 PRF-directed NMD. A 
transcriptional arrest time course experiment showed that the CCR5 
—1 PREF signal rendered the reporter mRNA a direct substrate for NMD: 
its half-life was reduced to about 180 min whereas NMD ablation in- 
creased the half-life to about 380 min (Extended Data Fig. 7b). 


NMD and miR-1224 affect CCR5 expression 


In HeLa Tzm-BL cells the abundances of both CCR5 mRNA and CCR5 
protein increased proportionally to the extent of NMD abrogation 
(Fig. 5c, d, iRNA_SMG1). Conversely, addition of miR-1224 decreased 
both CCR5 mRNA and CCRS protein abundance. Abrogation of miRNA 
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processing by siRNA knockdown of AGO1 or DGCR8 resulted in in- 
creased abundance mRNA and protein, consistent with inhibition of 
CCR5-mediated — 1 PRF under these conditions. Transcriptional arrest 
time-course experiments demonstrated that the CCR5 mRNA isa direct 
substrate for NMD (Extended Data Fig. 7c). Whereas miR-1224 de- 
creased the abundance of CCR5 mRNA, this effect was abrogated by 
addition of an anti-miR-1224 antagomir, but antagomir alone had no 
effect (Extended Data Fig. 7d). siRNA knockdown of SMGI1 was epi- 
static to miR-1224, consistent with the mRNA destabilization activity 
of the miRNA being NMD-dependent. This is also consistent with 
findings that human UPF1 may participate in RNA silencing”’, with 
the caveat that miR-1224 may also promote mRNA degradation by a 
mechanism that is independent of the NMD machinery, for example, 
No-go decay. Combinations involving human SMGI1 siRNA knock- 
down plus miR-1224, human SMG1 siRNA knockdown plus the anta- 
gomir, or all three together were also supportive of this model. 


—1 PRF and interleukin receptor mRNAs 


To our knowledge before the current study, only three — 1 PRF signals 
were known in mammalian genomes, all thought to be remnants of 
ancient retroviral insertional events’. Potential —1 PREF signals in 
seven additional interleukin receptor subunit mRNAs were assayed in 
the presence of either a scrambled siRNA control or an siRNA targeting 
argonaute 1. Efficient — 1 PRF (>1%) was elicited by six of these (Fig. 5e). 
siRNA knockdown of argonaute 1 stimulated — 1 PRF in some cases and 
inhibited it in others, consistent with sequence-specific regulation of — 1 
PRE by miRNAs. Ribosome profiling data’ revealed ribosomes paused 
and directed to new reading frames at three of these signals (Extended 
Data Fig. 8). Single nucleotide polymorphisms (SNPs) capable of dis- 
rupting frameshifting activity were identified in all these — 1 PRF signals 
(Extended Data Fig. 8). These may account for disease phenotypes asso- 
ciated with SNPs that do not alter the primary amino acid sequences of 
their encoded proteins. 

To summarize, precise regulation of —1 PRF is accomplished by 
sequence-specific interactions between individual —1 PRF signals and 
naturally occurring miRNAs. That global ablation of miRNA processing 
differentially affected —1 PRF promoted by many different signals sug- 
gests that miRNA-mediated control of —1 PRF is the biologically sig- 
nificant norm. This confers sequence specificity, and is energetically less 
expensive than producing new, or modifying pre-existing ribosomes. It 
may also enable rapid regulation of — 1 PRF on specific mRNAs within 
individual cells or intracellular compartments. This solves the central 
question, unanswered until now, of how — 1 PRF may be regulated in a 
sequence-specific manner, and suggests a novel mode through which 
—1 PREF signals may be targeted for therapeutic intervention. To our 
knowledge, this is also one of the few demonstrations of an miRNA 
affecting the expression of a cellular gene through an interaction with 
its ORF. The discovery of —1 PRF signals in the mRNAs encoding 
cytokine receptors has a potentially profound impact on our under- 
standing ofimmune homeostasis. Although a robust immune response 
is critical for limiting and preventing infection, left uncontrolled, it can 
rapidly result in pathology and death. Despite a large body of literature 
describing how expression of small-peptide mediators of the immune 
response are regulated at the level of mRNA stability, this only provides 
a global mechanism of immune regulation by controlling production 
of effector molecules. In contrast, the ability to control expression of 
cytokine receptors through —1 PRF induced NMD, and how rates of 
—1 PRF in turn may be controlled by miRNAs, represents a way for 
individual recipient cells to modulate their responses to cytokines; this 
would provide the means to fine-tune immune responses, and suggests 
a novel molecular mechanism underlying immune desensitization. 
The studies described here also have consequences for directing anti- 
viral efforts. RNA viruses such as retroviruses, coronaviruses, alpha- 
viruses and totiviruses require extremely stringent levels of —1 PRF for 
their propagation’. We suggest that their — 1 PRF promoting structural 
elements may have evolved in two different ways so as to ensure set 
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rates of — 1 PRF. First, either their — 1 PRF stimulatory elements should 
not interact with any ncRNAs present in the cells in which they replicate, 
or their — 1 PRF signals may have evolved in the presence of trans-acting 
ncRNAs specific to their host cells. If the latter is true, as suggested by 
stimulation of HIV-1-promoted —1 PRF in response to siRNA knock- 
down of argonaute, this may define a new parameter governing host 
cell permissiveness, presenting a novel therapeutic targeting opportun- 
ity. Thus, while the discovery of operational — 1 PRF signals in cellular 
mRNAs suggests that global targeting of — 1 PRF may not be the wisest 
approach, discovery and subsequent targeting of specific cellular miRNAs 
required by viruses to ensure proper rates of —1 PRF may present a 
more narrowly targeted therapeutic option. 


METHODS SUMMARY 

HeLa, HeLa Tet-Off, HeLa TZM-BL, CHO and Vero cells were cultured according to 
suppliers instructions. Insertions were amplified using PCR and ligated into appro- 
priate backbone plasmids. —1 PRF was assayed in live cells using dual-luciferase 
assays. Liquid chromatography with tandem mass spectrometry (LC-MS/MS) 
analysis of affinity purified CCR5/B-galactosidase fusion protein digested with 
Asp-N was performed at the University of Maryland Proteomics Core Facility. 
Data generated by chemical modification assays were used for in silico three- 
dimensional modelling. Sandwich enzyme-linked immunosorbent assay (ELISA) 
was used to monitor CCR5 protein expression, and quantitative PCR with reverse 
transcription (qRT-PCR) analyses were used to monitor mRNA steady-state 
abundance and half-lives. In vivo affinity capture used a double stranded miR- 
1224-5p RNA containing a sense strand 5’ biotin modification and mismatch trans- 
fected into HeLa and HeLa TZM-BI cells. Electrophoretic mobility shift assays used 
a synthetic hsa-miR-1224-5p and transcripts harbouring the CCR5 or HIV-1 
—1 PREF signals. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references 
unique to these sections appear only in the online paper. 
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Crystal structure of a human GABA, 


receptor 


Paul S. Miller’ & A. Radu Aricescu! 


Type-A y-aminobutyric acid receptors (GABA,Rs) are the principal mediators of rapid inhibitory synaptic transmission 
in the human brain. A decline in GABA,R signalling triggers hyperactive neurological disorders such as insomnia, anxiety 
and epilepsy. Here we present the first three-dimensional structure of aGABA,R, the human 63 homopentamer, at 3 A reso- 
lution. This structure reveals architectural elements unique to eukaryotic Cys-loop receptors, explains the mechanistic 
consequences of multiple human disease mutations and shows an unexpected structural role for a conserved N-linked 
glycan. The receptor was crystallized bound to a previously unknown agonist, benzamidine, opening a new avenue for 
the rational design of GABA,R modulators. The channel region forms a closed gate at the base of the pore, representative 
of a desensitized state. These results offer new insights into the signalling mechanisms of pentameric ligand-gated ion 
channels and enhance current understanding of GABAergic neurotransmission. 


In response to binding the neurotransmitter GABA, released at inhib- 
itory synapses, GABA aR chloride channels open and depress neuronal 
excitability in the adult central nervous system’. GABA Rs belong to a 
superfamily of pentameric ligand-gated ion channels (pLGICs) known 
as the Cys-loop receptors, which includes the cation-selective nicotinic 
acetylcholine receptors (nAChRs) and serotonin type 3 receptors (SHT3Rs), 
as well as anion-selective glycine receptors (GlyRs)*. These molecules 
assemble as pentamers from a variety of subunits. In human GABA,Rs 
these subunits are encoded by 19 different genes: «1-6, B1-3, y1-3, 6, €, 
0, mand p1-3 (ref. 3). Most physiological heteromeric formats are thought 
to include two «, two B and one other, most frequently a y subunit*. B3 
subunits can also efficiently assemble into functional homomeric chan- 
nels, and although they have yet to be identified as discrete populations in 
the brain, they serve as meaningful models for the heteromeric receptors’. 
Each subunit contributes an extracellular domain of 200-250 amino acids, 
an o-helical M1-M4 transmembrane bundle and an M3-M4 intracel- 
lular loop of 85-255 residues®. Neurotransmitter molecules bind at extra- 
cellular pockets between subunits to induce a conformational switch that 
crosses to the transmembrane region to open the ion channel’. GABA,Rs 
are the targets of a wide range of drugs including benzodiazepines’, used 
in the treatment of epilepsy, insomnia, anxiety and panic disorder, and 
the intravenous general anaesthetics propofol and etomidate*’. GABA ,Rs 
also mediate alcohol inebriation”® and are targets for endogenous mod- 
ulators such as neurosteroids"’. 

In the absence of GABA,R structural information, insights relied on 
analogies with related proteins. The soluble acetylcholine binding pro- 
tein Cooue, provided the first high-resolution model for the extracel- 
lular region'*. Ground-breaking electron microscopic studies gradually 
led to an atomic model (at 4 A) of a complete heteromeric nAChR from 
the Torpedo marmorata electric organ’**, and a general framework for 
molecular understanding of pLGICs. Subsequently, crystal structures 
of two bacterial homologues, ELIC’* and GLIC", as well as the first struc- 
ture of an anion-selective Cys-loop receptor, the Caenorhabditis elegans 
glutamate-gated chloride channel « homopentamer (GluCla)"’, were 
reported, providing insights into potential mechanisms of interaction 
with orthosteric ligands and allosteric modulators'”"*. Nevertheless, owing 
to limited sequence identities with GABA,R subunits, these models 
alone cannot adequately explain their rules of assembly, ligand binding 


and modulation, gating mechanism, or the consequences of numerous 
human mutations linked to epilepsy and insomnia. Aiming to address 
these unknowns, we report here the crystal structure of a human 
GABAgR, the B3 homopentamer. 


Architecture of the GABA,R 63 homopentamer 


Crystallization of human GABA aR B3 required truncation of the intra- 
cellular loop between transmembrane helices 3 and 4 (M3-M4). Res- 
idues from Gly 308 to Asn 421 were substituted by a linker sequence, 
SQPARAA”, to give the construct GABA,R-P3cryst (residue number- 
ing used here corresponds to the mature isoform 1, that is, Gln 26 in 
UniProt entry P28472 is Gln 1 in GABAgR-B3 qyct). GABAAR-B3 aryst 
solubilized in detergent retained the ability to bind agonists (GABA and 
histamine), channel blockers (fipronil and picrotoxin) and the anaesthetic 
etomidate (Extended Data Fig. la—e). Furthermore, in patch-clamped 
HEK293T cells expressing GABA R-B3 ays, application of the GABA,R 
63 agonists histamine or propofol induced inward currents that were 
inhibited by the channel blockers fipronil and picrotoxin (Extended Data 
Fig. 1f, g). 

We crystallized and determined the structure of GABA ,R-B3 ays at 
3 A resolution (Extended Data Table 1). Viewed perpendicular to the 
central five-fold pseudo-symmetry axis, the receptor approximates a 
cylinder 110 A in height, with diameter ranging from 60 to 80 A (Fig. 1a), 
spanning the plasma membrane and protruding ~65 A into the extra- 
cellular space. Viewed along the same pseudo-symmetry axis from the 
extracellular side, the pentamer has a toroidal (doughnut-like) profile, 
surrounded by 15 (three per subunit) N-linked glycans (Fig. 1b). Each 
extracellular domain (ECD) comprises an amino-terminal o-helix («1) 
followed by ten B-strands folded into a curled §-sandwich, topologic- 
ally similar to other family members characterized to date (Fig. 1c and 
Extended Data Figs 2 and 3). A second a-helix («2), between B-strands 
3 and 4, is located under the «1 helix (Fig. 1c). Four additional helices 
(M1-M4) from each subunit come together to create the pentameric 
transmembrane domain (TMD), with M2 segments lining a pore that 
tapers as it traverses towards the intracellular side of the membrane 
(Fig. 1b-d). On the extracellular side, water and solutes access the pore 
from a vestibule surrounded by the ECDs and from lateral tunnels situ- 
ated between the ECDs that are lined by an excess of negatively charged 
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Figure 1 | Architecture of GABAgR-B3 cyst. a, GABAAR-B3 ays Viewed 
parallel to the plasma membrane («-helices red, except the pore-lining M2 
shown in teal; B-strands blue; loops grey). N-linked glycans are shown in 
orange ball-and-stick representation. b, View from the extracellular space 
(synaptic cleft) down the five-fold pseudo-symmetry axis, with a single subunit 
coloured in grey. c, Two subunits, rainbow coloured from blue N terminus 
to red C terminus, illustrating secondary structure nomenclature. 


groups, suggesting putative cation modulation sites (Fig. 1c, e and Ex- 
tended Data Fig. 4a, d, g, h). 

A positively charged ring halfway down the vestibule hosts putative 
anion binding sites at each inter-subunit interface (Extended Data Fig. 4d), 
revealed by peaks (visible to an ~6c level) in F, - F, electron density maps 
calculated following refinement without anions modelled (Extended Data 
Fig. 5a). Attempts to confirm the nature of these peaks by soaking heavy 
atom anions (for example, iodide) into the crystals and analysis ofanom- 
alous electron density maps were inconclusive. However, placement of 
chloride ions followed by refinement satisfactorily accounts for these 
electron density features (Extended Data Fig. 5a—c). This positively charged 
ring corresponds to the previously proposed ion selectivity filter in the 
vestibule of Cys-loop receptors”. Furthermore, these putative chloride 
sites are in spatial proximity (but structurally non-equivalent) to the 
‘anion site 1’ reported in the bacterial channel GLIC”, and thus chlo- 
ride ions might be important stabilizers of pLGIC assembly. 

Atthe TMD level, two large non-overlapping pockets are located near 
residues previously inferred to bind the intravenous anaesthetics etomi- 
date and propofol*° (Extended Data Fig. 6a—-c). The putative propofol- 
binding pocket is structurally distinct from the one identified in the 
bacterial channel GLIC’™’. The binding and transduction modes of pro- 
pofol on GABA,R-f3.,ys¢ and GLIC are therefore unrelated, as are its 
relative potencies. Propofol potentiates and activates GABA,Rs but 
inhibits GLIC*"*. 


Determinants of assembly 

The 19 different GABA R subunits obey stringent rules for assembly 
specificity*, the molecular determinants of which are poorly understood. 
A comparison of inter-subunit interfaces from pLGIC structures available 
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A water-filled ECD vestibule and TMD pore shown in light green (diameter 
(®) indicated periodically) runs through the five-fold pseudo-symmetry axis of 
the pentamer, joined by lateral tunnels coming from between each of the 
subunit ECDs (only two shown for clarity, in grey). d, The pentameric 
transmembrane region, to illustrate the arrangement of helices M1-M4 and the 
M2-M3 loop (yellow). e, View of a lateral tunnel running between subunits 
into the central vestibule. 


to date reveals considerable differences in the geometry and thermo- 
dynamics of complex formation, with GABA R-B3.ry.¢ subunits forming 
the most extensive, energetically favourable interactions (Extended Data 
Fig. 7b). These occur in particular between ECDs, through patchworks 
of hydrogen bonds, salt bridges and van der Waals contacts (Fig. 2 a—c 
and Extended Data Fig. 7a-e). Within the upper portions of the ECDs, 
between the «1 helices of adjacent subunits, the side chains of Arg 26 
and Asp 17 form a salt-bridge network extending to Asp 24 and Lys 13 
(Fig. 2b), an interaction specific to B-B and a-fB subunits in human 
GABA,Rs (Extended Data Fig. 3). Between the «2 helices, the inter- 
subunit interface is stabilized by a network of hydrogen bonds and salt 
bridges surrounding Arg 86, specific to the GABA,R f and GlyR sub- 
units (Fig. 2b and Extended Data Fig. 3). The loop connecting the «1 
helix with the B1 strand also bridges this interface and mutations in it 
(or its proximity) are associated with childhood absence epilepsy and 
febrile seizures” (Extended Data Fig. 3). The GABA,R 3 Gly7Arg 
mutation that excludes y2 subunits from heteromeric GABA ,Rs” opposes 
and is likely to perturb the «1-81 loop conformation (Fig. 2b). The 
GABA R y2 Arg43Gln mutation (equivalent to Arg28Gln in GABA 4R- 
B3 cryst)s that also excludes y2 subunits”, resides within the 71-B1 loop 
and is predicted to disrupt its backbone organization (Fig. 2b). 
Inter-subunit contacts between the central portions of ECDs involve 
the B4, B5, B5’ and B6 strands and flanking loops. The 85-85’ loop is 
extended in GABAgR-B3.:y.¢ and GluCla, compared to nAChRs and 
AChBP (Extended Data Fig. 2d), and protrudes into the neighbouring 
subunit (Fig. 2c). The B5-B5’ loop His 107, strictly conserved in GABA 4 
and Gly receptors, and main-chain amino groups in positions 104 and 
108 coordinate putative chloride anions across this boundary (within 
the positively charged ring lining the vestibule discussed earlier; Fig. 2c 
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Figure 2 | Assembly interactions in GABA R-B3ayst- a, Top-down view of 
the GABA,R-B3.,ys¢ pentamer and side-on view of two neighbouring subunits 
from the vestibule, highlighting the nature of inter-subunit contacts between 
the principal (P) face of one subunit and complementary (C) face (residues 
marked by ‘c-’) of the next. Salt-bridging residues are coloured purple and red, 
those forming putative hydrogen bonds in cyan, and residues forming van der 
Waals contacts in orange. b, Upper ECD close-up showing the inter-subunit 
a#1-B1 loop (upper dotted oval), the inter-subunit salt bridges connecting a1 
helices (middle dotted oval) and inter-subunit «2-2 interactions (lower dotted 
oval). Boxed residue labels correspond to disease mutations discussed in main 
text. c, The ECD anion-binding site and surrounding inter-subunit interface 
(chloride shown as a green sphere). Grey dashed lines indicate putative salt 
bridges and hydrogen bonds, green dashes indicate chloride coordination. 


and Extended Data Fig. 5c). Further interface contacts include a salt- 
bridge network centred on Asp 101 and Arg 129, and a potential cation-1 
interaction between Lys 103 and Phe 105, both likely to influence assembly 
specificity based on residue conservation patterns (Fig. 2c and Extended 
Data Fig. 3). Mutations within this ECD interface are linked to epileptic 
encephalopathies, for example Asn85Asp™, which will remodel inter- 
actions with basic residues adjoining the 85-85’ loop (Fig. 2c). 


—_ 
by R207, F200 


‘ 
E153 


Figure 3 | Neurotransmitter pocket occupied by the agonist benzamidine. 
a, Benzamidine (green/blue spheres) bound in the neurotransmitter pocket. Of 
note, the B8-B8' loop, known as loop F (Arg 169-Ala 174; running into the red 
loop) in heteromeric GABARs, does not contribute to the GABAgR P3 cyst 
orthosteric site. b, c, Benzamidine binding mode. Complementary face residues 
marked by ‘c-’. Grey dashed lines indicate putative hydrogen bonds, salt 
bridges and cation-7 interactions; blue dashed lines indicate the coordination 
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Neurotransmitter pocket and binding of a novel agonist 


The neurotransmitter-binding pocket of GABA Rs is located between 
ECDs. It comprises the 84 strand and adjacent residues (Asp 95-Leu 99), 
part of the 87—B8 loop (Glu 155-Tyr 159) and the B9-B10 loop (Phe 200- 
Tyr 205) from the ‘principal’ face, also known as loops A-C, respectively. 
The ‘complementary’ face in GABA,R-f3.,ys: comprises a segment of 
the B2 strand (Tyr 62-Gln 64) and the 6 strand (Leu 125-Arg 129), 
also known as loops D and E, respectively, which come from equivalent 
motifs in % subunits in heteromeric GABA Rs (Fig. 3a—c and Extended 
Data Fig. 3)*°. The B9-B10 loop adopts a ‘closed’ conformation over the 
site, consistent with an agonist-bound conformation’”’*** (Extended 
Data Fig. 8). Closure is stabilized by salt bridges between the side chains 
of Arg 207, Glu 153 and Glu 155 (Fig. 3b, c), residues previously impli- 
cated in GABA binding and channel activation” *’. Analogous interac- 
tions are required for ligand binding and activation of nAChRs’*”?. 

We observed large positive peaks in the F, - F, electron density map 
in all five neurotransmitter-binding sites, which could be accounted 
for by benzamidine molecules, an additive that helped us obtain high- 
resolution diffracting crystals (Extended Data Fig. 5d-f). To our know1- 
edge, benzamidine or its derivatives have not been previously reported 
to act as GABAgR ligands. We recorded GABAaR-B3 :ys¢ Currents in 
HEK293S-GnTI (deficient in N-acetylglucosaminyltransferase I activity) 
cells, and found benzamidine to behave as an agonist capable of induc- 
ing desensitization (half-maximal effective concentration (ECs9) = 61 
+ 12 uM; n = 4; Fig. 3d, e). Thermostabilization of GABAaR-B3 cyst 
in detergent micelles by benzamidine revealed a sensitivity similar to 
histamine (benzamidine ECs = 370 + 180 1M; histamine ECs) = 400 
+ 150 UM; n = 3; Fig. 3d and Extended Data Fig. 1c). Classically, ben- 
zamidine is known as a highly potent serine-protease inhibitor, deri- 
vatives of which are in clinical trials for prevention of blood clotting”’. 
However, given that GABA,R B3 agonists such as histamine act instead 
as potentiators of heteromeric GABA,Rs, characterization of benza- 
midine derivatives as positive modulators may offer new opportunities 
in drug development. 

The benzamidine benzyl ring is stacked between the side chains of 
Phe 200 and Tyr 62, whereas its amidinium group forms hydrogen bonds 
with the Glu 155 side chain and backbone carbonyls of Ser 156 and 
Tyr 157, and putative cation-7 interactions with the Tyr 157 and Tyr 205 
aromatic rings (Fig. 3b, c). This binding mode is reminiscent of the prin- 
cipal face observed in GluCloa and AChBP (Extended Data Fig. 8a, b). 
Two epileptic encephalopathies are linked to mutations in this B3 sub- 
unit region, Asp95Asn and Glu155Gly™. Loss of Asp 95, which hydro- 
gen bonds Ser 156 and Tyr 157, will probably destabilize the 87-88 loop 
conformation, whereas Glu155Gly will impair binding of amino-group- 
containing ligands (Fig. 3b, c and Supplementary Discussion). 


Normalized response Q. 
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sphere of benzamidine nitrogen atoms. Boxed residue labels indicate 

disease mutations. d, Benzamidine dose-response curves determined by 
patch-clamp of GABA,R-B3<rys¢ expressed in HEK293S-GnTI cells (solid 
line) and by thermostabilization of GABA,R-B3.1y<¢ in detergent micelles 
(dashed line; error bars are + s.e.m.). e, Electrophysiological response to 10 mM 
benzamidine and block by 10 1M fipronil (an alternative blocker, picrotoxin, 
has a similar effect on GABA,R-B3 st currents; Extended Data Fig. 1f). 
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Figure 4 | A conserved glycosylation site interacts with B9-B10 loop 
residues. Close-up of the N-linked glycosylation site 3, attached to the 
B7-strand that supports the B6-B7 (Cys) loop (Cys-bridge shown in black 
spheres) and its interactions with surrounding residues from the B9-B10 
agonist-binding loop (indicated by dashed orange lines; grey dashed lines 
highlight additional putative salt bridges). Boxed residue labels correspond to 
disease mutations discussed in main text. 


The impact of N-linked glycosylation 


Two of the three N-linked glycosylation sites present in each subunit 
(Asn 8, only visible in chain A, and Asn 80) are occupied by residual 
GlcNAc moieties following endoglycosidase F1 treatment. The third site, 
Asn 149 on the {7 strand (Fig. 4), is conserved in almost all GABA ,R f, 
nAChR and 5HT3R subunits (Extended Data Fig. 3) and was resistant 
to enzymatic digestion (Extended Data Fig. 5g-i). This glycan extends 
along the B9 and B10 strands that support the agonist-binding ‘loop C’, 
providing further contacts between these units and the 87 strand, which 
may facilitate the ECD-TMD signal transduction. Substitution of Asn 149 
in GABAgR P2 reduces sensitivity to GABA™, and in GlyRs, Zn’ * coordi- 
nation between the same three B-strands potentiates agonist sensitivity”. 
Furthermore, mutation of Arg 192 at the core of this network of glycan 
interactions is associated with chronic insomnia and increases the inac- 
tivation rate of GABA ,Rs**. Importantly, the equivalent glycan innAChR 
a1 also contacts the outer face of the ECD, and its enzymatic cleavage 
decreases nAChR function”. 


Figure 5 | Structural coupling at the ECD-TMD interface. a, Side-on view of 
the ECD-TMD interface, rotated 135° in b. a, Putative hydrogen bonds (indicated 
by grey dashed lines) between residues of the B6-B7 (Cys) loop, the outer 

portion of the M2—M2 loop and the top of M3 and M4 helices. b, Hydrophobic 
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Structural coupling between the ECD and TMD 


For a neurotransmitter binding event to transmit to the channel gate, 
a signal must be transduced across the ECD-TMD interface. The inner 
and outer B-sheets of each GABA ,R-3.,ys: ECD come together at the 
base through a conserved salt-bridge between $1-B2 loop Glu 52 and 
£10-strand Arg 216 (refs 14, 38) (Extended Data Fig. 7e). Beneath this, 
in each subunit the ECD-TMD interface consists of two clusters of 
interactions: an array of polar contacts linking the outer portion of the 
M2-M3 loop with the B6-B7 (‘Cys’) loop (Fig. 5a); and van der Waals 
contacts between residues in the inner portion of the M2-M3 loop near 
the pore, the B1-f2 loop and the 86-87 loop (Fig. 5b). Central to both 
clusters is Pro 144 in the 86-87 loop, conserved in all pLGICs (Extended 
Data Fig. 3) and adopting a cis conformation, which orients the neigh- 
bouring Tyr 143 backbone carbonyl downwards to engage in hydrogen 
bonds with M3 helix backbone amino groups (Fig. 5a). These contacts 
ensure that the GABA,R-B3.,ys, ECD-TMD interface is tightly struc- 
turally coupled, with a solvent-inaccessible surface area of 689 A? 100 A? 
larger than observed in ELIC, but comparable to those observed in 
GluCla, GLIC, and the three nAChR structures solved in a membrane 
context by electron microscopy (Extended Data Fig. 9a). Nevertheless, 
despite similarly strong interfaces, structural alignments of GABA 4R- 
B3 cyst With other pLGICs reveal differences in their ECD-TMD rela- 
tive orientations, where rotations within a ~20° range probably reflect 
the multiplicity of states (resting, activated and desensitized) that these 
receptors occupy” (Extended Data Fig. 9b-f). 

Mutations linked to epileptic encephalopathies highlight the impor- 
tance of the ECD-TMD region**”’. One such mutation, GABA,R 3 
Tyr277Cys, will reduce hydrogen-bond connectivity between the M2- 
M3 loop and the 86-87 loop and disrupt a stacking interaction with the 
Arg 141 guanidinium group (Fig. 5a). Another mutation, GABA,R B1 
Phe246Ser (Phe 221 in {3), is located at the top of M1 and will disrupt 
its interaction with the critical Tyr 143/Pro 144 motif at the apex of the 
B6-B7 loop (Fig. 5b). A Lys289Met mutation reported in GABA,R y2 
(Lys 274 in B3) affects a residue whose side chain, very well ordered in 
electron density maps, reaches across a neighbouring subunit (Fig. 5b 
and Extended Data Fig. 7e). This residue is conserved in GlyRs, for which 
mutations are linked to the rare human genetic startle disorder, hyper- 
ekplexia, and where detailed kinetic analysis of GlyR «1 Lys276Glu has 
revealed a significantly slower gating*’. Thus, on the basis of the GABA ,R- 
B3 ays Structure, it appears that this lysine facilitates the coordination 
of inter-subunit motions. 


Channel structure and the desensitization mechanism 

The GABAaR-B3 cryst pore is lined by five M2 helices (Fig. la—d), sup- 
porting ‘rings’ of residues between positions —5’ and 20’ (Fig. 6a). In 
GABA R-B3cryst the M2 helices taper inwards from the 13’ Thr 263 


B6-B7 (Cy: 
loop 


packing in the ECD-TMD interface viewed from the pore side, involving 

residues from the B6-B7 loop, the B1-f2 loop, the inner portion of the M2-M3 
loop and the N terminus of the M1 helix from a neighbouring subunit (c-M1). 
Boxed residue labels correspond to disease mutations discussed in main text. 
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Figure 6 | Structure of the ion channel in a desensitized state. a, Two 
GABAgR-P3 cyst M2 helices (teal), with side chains of pore-lining residues in 
stick representation. An equivalent GluClo (Protein Data Bank (PDB) accession 
3RIF) M2 helix, in orange, illustrates its distinct flexure. b, Pore diameter of 
GABA ,R-B3 cryct (teal) and related structures: open GluCla, open GLIC (PDB 
4HFI), open nAChR (PDB 4AQ39), closed nAChR (PDB 2BG9) and closed ELIC 
(PDB 2VL0). c, Chain A superposition of pentameric GABA,R-B3cryst (red/ 


down to the intracellular border where the —2' Ala 248 side chains define 
the narrowest point, just 3.15 A in diameter (Fig. 6a, b). This pore is too 
narrow to permit the passage of chloride anions (with a Pauling radius 
of 1.8 A) and therefore delineates a closed gate. However, this geometry 
fundamentally differs from closed structures reported to date, ELIC* 
and Torpedo nAChR”, which exhibit almost vertical M2 helices and 
have closed gates in the extracellular portion of the pore (9’ up to 20’) 
formed by bulky hydrophobic side chains (Fig. 6b). In GABA aR-B3 cyst 
none of the M2 hydrophobic rings (1’ Val, 3’ Leu, 5’ Ile, 8’ Val, 9’ Leu, 
11’ Met, 14’ Ie and 18’ Leu) line the pore. Instead, its trajectory more 
closely resembles the open conformations of GLIC’* and GluCla”’, which 
are narrowest at the intracellular border (Fig. 6b and Extended Data Fig. 9g). 

The pore-lining residues in GABA,R-B3 .ys¢ (Fig. 6a) are generally 
in excellent agreement with those identified by cysteine accessibility 
studies in the GABA,R «1 subunit and by protonation of introduced 
charged residues in the open nAChR**’, However, the 9’ Leu residues 
in GABA,R-B3 cyst (conserved across the mammalian Cys-loop recep- 
tors) are rotated out of the pore, with side chains placed between neigh- 
bouring M2 helices. This rotation is not observed in the open-to-closed 
M2 flexion motion in nAChR™. Irrespectively, the M2 rotation alone 
cannot explain the closed state of GABA 4R-B3 ast because superposi- 
tion of each TMD individually onto the open GluCla equivalents, to 
remove its influence, reveals that the GABA,R-B3 cys pore would still 
remain closed (Fig. 6c-f). Thus, the closed state of GABAgR-B3 ayst is 
principally accounted for by a unique conformation of its M2 helix 
(Fig. 6a and Extended Data Fig. 9g). The expanded extracellular portion 
of the pore in GABA,R-P3 ays¢ is stabilized by two rings of salt bridges. 
The first one involves 17’ His 267 and 20’ Glu 270 from adjacent M2 
helices (Extended Data Fig. 7e). His 267 lines both the pore and an 
inter-subunit cavity, coordinating Zn”* for inhibition or propofol for 
potentiation®* (Extended Data Figs 6b, c and 7e). The second ring is an 
intra-subunit interaction between the side chains of 19’ Arg 269 and M3 
Asp 282, which retracts M2 against M3 (Extended Data Fig. 7e). This ring 
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teal) over GluCla (orange), revealing the relative rotation of transmembrane 
regions. d, The pore constriction at —2’ Ala 248 in GABA,R-B3.,ys compared 
to GluCla at —2' Pro 243, using alignment in c. e, Superposition of individual 
GABAg_B3<ryst Subunit TMDs over GluCla removes the relative rotation, but 
the pore remains shut (f). g, GABA,R-B3 ays (red/teal) showing the Tyr 299 
side-chain ‘pressing’ M2 to constrict the channel. In GluCla (orange) Phe 294 
points upwards, enabling an open pore conformation. 


is conserved in GABA,R o-subunits and GlyR o-subunits, and substitu- 
tions of the equivalent 19’ Arg 271 in GlyR «1 are the most frequent 
cause of hyperekplexia, with disease mutations Arg271Leu and Arg271GIn 
decoupling agonist binding from gating**. 

The contracted intracellular portion of the pore is confined by the 
conformation of Tyr 299 side chains, which point towards the back of 
the M2 gate, compressing it shut (Fig. 6g). Aromatic Phe or Tyr residues 
occupy this position across all human GABA,R and GlyR subtypes and 
in C. elegans GluCla (Extended Data Fig. 3). Notably, however, in the 
GluCla open pore conformation the equivalent Phe 294 side chain is 
rotated upwards, preventing such compression (Fig. 6g). During the 
gating process, conformation switching of side chains at this key posi- 
tion might account for local desensitization, and drugs that potentiate 
function by blocking desensitization*” might do so by disabling this 
aromatic switch. A desensitized state of GABA ,R- B3 cryst isin agreement 
with our electrophysiological recordings of benzamidine-induced desen- 
sitizing currents measured in HEK cells at saturating concentrations 
(10 mM), which approach those used in crystallization (33 mM; Fig. 3e). 
Furthermore, in heteromeric GABA,Rs, swapping the B-subunit intra- 
cellular border with the equivalent nAChR «7 residues renders the re- 
ceptor cation selective and ablates desensitization to GABA”. 


Conclusion 


Here we present the first X-ray structure of a GABAgR, the human 
B3 homopentamer, co-crystallized with a novel agonist, benzamidine. 
GABA,R-B3 ays has a closed 89-B10 loop, being in an agonist-bound 
state, but the pore is shut, consistent with a desensitized conformation. 
To our knowledge, this is the first time when a pLGIC-desensitized state 
has been described crystallographically. These results shed new light on 
the conformational transitions that occur across pLGICs and provide a 
rational basis for understanding how multiple human disease mutations 
affect GABA, R assembly, glycosylation and agonist binding, as well as 
the signal transduction and gating processes. 
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METHODS SUMMARY 


GABA aR-B3 cryst Was expressed in HEK293S-GnTI cells and immuno-affinity puri- 
fied on Rho-1D4 antibody-coated beads that bind the carboxy-terminal 1D4 tag 
(TETSQVAPA). Pure GABAaR-B3 cryst was further isolated by size-exclusion chro- 
matography and peak fractions were concentrated to 3mg ml’. Crystallization 
was performed by sitting-drop vapour diffusion at 4 °C with a precipitating solu- 
tion containing 11.5% PEG 4000, 100 mM NaCl, 100 mM LijSOq, 100 mM N-(2- 
Acetamido)iminodiacetic acid buffer, pH 6.5, and 2% (v/w) benzamidine. Crystals 
were cryoprotected by soaking in precipitant solution supplemented with 20% glyc- 
erol. The GABA,R-B3 ys X-ray structure was solved at 3 A resolution, using the 
C. elegans glutamate-gated chloride channel o (GluCl«’”) as a molecular replace- 
ment model. Phasing was followed by iterative rounds of manual model building 
and crystallographic refinement, leading to a complete model of the protein core. 
N-linked glycans, anions and benzamidine were subsequently added to the model 
and refined. Electrophysiological recordings were made from either transiently trans- 
fected HEK293T cells or HEK293S-GnTI cells stably expressing GABA AR-B3cryst- 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
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Neurotransmitter-gated ion channels of the Cys-loop receptor family mediate fast neurotransmission throughout the 
nervous system. The molecular processes of neurotransmitter binding, subsequent opening of the ion channel and ion 
permeation remain poorly understood. Here we present the X-ray structure of a mammalian Cys-loop receptor, the 
mouse serotonin 5-HT; receptor, at 3.5 A resolution. The structure of the proteolysed receptor, made up of two frag- 
ments and comprising part of the intracellular domain, was determined in complex with stabilizing nanobodies. The 
extracellular domain reveals the detailed anatomy of the neurotransmitter binding site capped by ananobody. The memb- 
rane domain delimits an aqueous pore with a 4.6 A constriction. In the intracellular domain, a bundle of five intracell- 
ular helices creates a closed vestibule where lateral portals are obstructed by loops. This 5-HT3 receptor structure, 
revealing part of the intracellular domain, expands the structural basis for understanding the operating mechanism of 


mammalian Cys-loop receptors. 


The complex mental capacities and motor behaviours of mammals rely 
on the evolution of distinguished central and peripheral nervous systems 
where ligand-gated ion channels facilitate fast intercellular signalling. 
The serotonin-gated 5-HT; receptor'”, which belongs to a family of penta- 
meric neurotransmitter-gated ion channels termed Cys-loop receptors**, 
is the target of potent drugs that alleviate chemotherapy-induced and 
post-operative nausea and vomiting, and may enable personalized ther- 
apies for irritable bowel syndrome and various psychiatric disorders®. 
To date, five 5-HT3 receptor subunits, named A to E, have been iden- 
tified in humans while rodents only possess the A and B subunits. Heter- 
ologous expression allowed the characterization of the homopentameric 
Aand heteropentameric AB receptors; the role of subunits C to E remains 
to be elucidated*°. A and B subunits are expressed widely throughout 
the brain, for example in the hippocampus and amygdala, and in periph- 
eral organs like the gastrointestinal tract, but the exact subunit compo- 
sition of native human receptors remains elusive. The Cys-loop receptor 
family also encompasses the nicotinic acetylcholine (nACh) receptors, 
which together with 5-HT; receptors are cation-selective and promote 
excitatory signals; it also includes the y-aminobutyric acid (GABA) and 
glycine receptors, which are inhibitory anion-selective channels. Cys- 
loop receptors have a major role in virtually all brain functions, are 
involved in numerous pathologies and are thus targets of many psycho- 
active and therapeutic compounds (including nicotine, alcohol, benzo- 
diazepines, barbiturates, steroids and local and general anaesthetics). 
These receptors function as allosteric signal transducers® across the 
plasma membrane: upon binding of one or more neurotransmitter mol- 
ecules to an extracellular site, the receptors undergo complex conforma- 
tional transitions that result in transient opening of an intrinsic trans- 
membrane channel*”~”. Yet, structural and mechanistic details of these 
processes remain speculative as high-resolution structures of mammalian 


receptors are missing, due to difficulties in heterologous expression, 
purification and crystallization of these proteins. 

Present understanding of Cys-loop receptor structure is based on 
electron microscopy imaging of Torpedo marmorata nACh receptors 
(Torpedo nAChR )'°", on X-ray structures of the bacterial homolo- 
gues GLIC’*"* and ELIC'”"*, and of the Caenorhabditis elegans homo- 
logue GluCl’®. A prototypical receptor contains three distinct domains: 
a large, B-sheet-rich, extracellular domain comprising the ligand-binding 
site(s), an o-helical pore-forming domain, and an intracellular domain 
interacting with cellular scaffolding proteins. The intracellular domain, 
specific to metazoa, is absent in the structures of GLIC, ELIC and GluCl. 
To obtain a high-resolution structure of amammalian neurotransmitter- 
gated ion channel comprising all three domains, we crystallized the 
mouse homopentameric 5-HT3, receptor. 


Crystallization and architecture 


The 5-HT; receptor was expressed in human embryonic kidney 293 
(HEK 293) cells”. First screens for the full-length receptor yielded crys- 
tals diffracting X-rays to 20 A. We carried out limited proteolysis exper- 
iments. Trypsin cleaved ~50 residues, yielding a receptor composed of 
two fragments per subunit (Fig. lc and Extended Data Fig. 1). This split 
5-HT3 receptor remained pentameric with an unchanged ligand-binding 
profile (Extended Data Fig. la-c, e). After reconstitution in liposomes, 
it showed serotonin-activated single-channel activity (Extended Data 
Fig. 1d), consistent with reports that split glycine and 5-HT3 receptors 
are functional’. The currents attributed to split receptors presented a 
single channel conductance of ~30 pS, substantially higher than the 
<1 pS wild-type receptor conductance, indicating that alteration of the 
intracellular domain impacts permeation properties. The diffraction 
of split 5-HT; receptor crystals plateaued at 7 A resolution. We used 
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Figure 1 | Architecture of the 5-HT; receptor in complex with VHH15. 
a, Cartoon representation viewed parallel to the plane of the membrane. Only 
two out of five VHH15 molecules are shown (pale green). b, Intracellular view, 
perpendicular to the membrane, of the complex. c, A single subunit of the 
5-HT; receptor is viewed parallel to the plane of the membrane. The large 


Ilama-derived single-chain antibodies” (termed nanobody or VHH) 
as crystallization chaperones. VHH15 formed a stable complex of sub- 
nanomolar affinity with the 5-HT; receptor; crystals of the complex dif- 
fracted X-rays to 3.5 A resolution. The structural model, comprising 
residues 9-275, 280-334 and 399-459 of the receptor, has good quality 
electron density maps for most regions (Extended Data Figs 2a and 3). 

The 5-HT; receptor is bullet-shaped, with subunits arranged in five- 
fold symmetry around a central ion pathway perpendicular to the mem- 
brane plane (see Figs 1, 2 and Extended Data Fig. 2c-e for topology and 
nomenclature). The cylindrical extracellular and membrane domains 
have similar architecture to ELIC, GLIC and GluCl. Five VHH15 mole- 
cules bind radially to the interfaces between subunits, like fins, at the 
level of the serotonin binding sites. The conical intracellular domain 
comprises an additional portion proximal to the membrane, the post- 
M3 loops and the MX helices. The intracellular MA helices are twisted, 
forming a tight bundle at the receptor’s tip. 


Ion permeation pathway 


Extracellular ions entering the 60-A high and 20-A wide extracellular 
vestibule (Fig. 2) encounter a first constriction at the level of residues 
D105 and K108 of loop 84-85, which is narrower than those found in 
homologous structures (Extended Data Fig. 4a—c, see also multiple se- 
quence alignment in the Supplementary Information). Removing the 
negative charge at position 105 markedly reduced channel conductance”, 
concordant with reports that charged residues in the vestibule influenced 
the elementary conductance of #1-nACh” or glycine and GABA,” re- 
ceptors. The side chains of K108 define the constriction because they 
adopt, in the crystal structure, an extended conformation to coordinate 
a small molecule from the crystallization liquor, best modelled as a sul- 
phate ion. Other charged residues lining the vestibule include R14, D17, 
K24, K25, D91, D52, D53, K54 and E186 (Fig. 2a). Below the constric- 
tion, the vestibule exhibits an electronegative surface capable of increas- 
ing the local concentration of cations (Fig. 2c and Extended Data Fig. 4d). 

Ions then enter the ~40-A-long transmembrane pore itself. The M2 
helices line the pore, following the common organization of the family’. 
Side chains of identical residues from each subunit form rings building 
the pore lumen surface at positions —1', 2’, 6’, 9’, 13’, 16’, 17’ and 20’ 
(Fig. 3a). Substituted cysteine accessibility mutagenesis identified these 
residues to be accessible from the bulk water phase as well as additional 
residues at positions 7’, 10’, 12’ and 15’ that do not face the pore in the 
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fragment (extracellular domain, first three transmembrane helices, post-M3 
and MX) is in colour, the small fragment (helices MA and M4) is in greyscale. 
The segment removed by proteolysis is indicated as a dashed line. Secondary 
structure elements and important loops are noted. 


structure*°’’, Conformational flexibility of the top of the M2 helix 
during gating, structurally documented for GLIC’*”’, could explain 
accessibility at positions 10’, 12’ and 15’. 

In the extracellular half of M2, rings of hydrophobic residues at po- 
sitions 16’, 13’ and 9’ define a funnel with a 4.6-A hydrophobic con- 
striction at the level of L9’ (L260). In this region, believed to contain 
the main channel gate, the 5-HT, receptor pore state is not clearly 
defined. On the one hand, the width of the pore is smaller than that 
of homologous X-ray structures deemed open (GLICo” and GluCl’’) 
(Fig. 3b, c). The constriction might form a hydrophobic barrier** too 
narrow for cations to pass while retaining their full hydration shell, which 
could suggest the pore to be in a non-conducting state. On the other 
hand, the global backbone conformation and the pore radius at the back- 
bone level resemble those of open channels (GLICo and GluCl) but 
clearly differ from those of closed channels (ELIC”, resting/closed GLIC,"° 
and locally closed GLIC,,c*). In addition, slight fluctuations in the local 
pore conformation and hydration might allow ion passage’*”’. The 
Torpedo nAChR pore'®"' is off-register by one helix turn'*””, preclud- 
ing detailed comparison. 

Continuing along the ion pathway, two rings of polar residues at 
positions 2’ and 6’ are encountered with a constriction of 5 A at the 
level of S2’. Increased electron density is present in the pore between 
S2' and T6’, which might arise from the presence of a cation and is 
located close to ion sites observed in GLIC** and GluCl’”. Both ends of 
the transmembrane pore are lined with rings of negative charges: D20’ 
at the top, D—4’ and E—1’ at the bottom, the latter being a major deter- 
minant of ionic selectivity*°*". The side chain of E— 1’ is not seen in the 
density maps, possibly because it fluctuates between alternate confor- 
mations’**”, and was modelled as the most plausible rotamer. 


The intracellular domain 


After passing the transmembrane pore, the cations access the intracel- 
lular domain. Vertebrate receptors possess an intracellular domain of 
70 to 150 residues important for their trafficking and clustering at the 
synapse’ and for gating kinetics™*. In 5-HT; receptors, this domain 
is a major determinant of channel conductance**”*. Structural infor- 
mation has remained limited: the Torpedo nAChR structure shows an 
intracellular MA helix but the intracellular domain is absent in GLIC 
and ELIC; in GluCl it was replaced by a short loop connecting M3 and 
M4. 
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Figure 2 | The ion permeation pathway. a, Global view of the ion permeation 
pathway. Two subunits are shown as ribbons with main residues lining the 

permeation pathway as sticks (negative in red, positive in blue, hydrophobic in 
black). The solvent-accessible surface is represented as blue dots. b, Pore profile 


The 5-HT; receptor structure depicts the first 20 residues of this 
domain, which form a loop, and the short MX helix clamping MA- 
M4 (Figs 1, 4 and Extended Data Fig. 5). For MX residues 317 to 334 we 
could trace the main polypeptide chain, but side-chain densities were 
not sufficiently resolved for model building (Extended Data Fig. 3e) 


b 
Sy 
( 
~@ 20 20 
2 
4 
oO 
2 10 10 
fo} 
Qa 
oO 
£ 
> 0 0 
e. 
5 
oO 
8 
8-10 -10 
ivi 
2 
a 
-204 -20 
oe An 8 12 16 20 


Pore diameter (A) Co: pore diameter (A) 


a Cl ( Torpedo 
rile H Oper nAChR 


Resting GLIC 
1357? 
5g 


Figure 3 | Pore conformation. a, View in the membrane plane of the ion 
pore of two M2 helices. The pore lumen is represented with blue dots and 
exposed side chains are depicted as sticks. The side chain of E250, not seen in 
electron density maps, is coloured grey. Red dots are oxygen atoms. Inset: 
central density in the F,— F. map contoured at 3a is represented as black mesh. 
b, All-atom and Cz pore profiles for the 5-HT3 receptor (blue), ELIC (red), 
GLIC (magenta) and GluCl (green) along their common axis. The common 
origin is the Co of residue 6’. c, Superposition of the M2 helix bundle (in blue) 
with the closed ELIC (2.85) and resting GLIC (2.72), the open GluCl (0.80) 
and GLIC (0.86) and the closed (1.27) and open (1.44) Torpedo nAChR. 
Values in parentheses are root-mean-square deviations (r.m.s.d.) in A at the 
backbone level. 
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for the whole receptor (transmembrane pore close-up in Fig. 3). c, Solvent- 
accessible electrostatic potential mapped on the receptor surface, colour-coded 
from —15kTe ‘to 15kTe ’ (red to blue). 


indicating high intrinsic flexibility. The structure also shows the last 25 
residues forming the MA helix as a continuous extension of M4. Nota- 
bly, a stretch of 30 residues of MA and M4 (homologous to residues 
410-440) was found to be responsible for different gating kinetics of 
nACh receptors containing either y or € subunits”, underlining the con- 
tribution of that region to gating properties. Missing from the structure 
are 62 residues, corresponding mostly to the trypsin-digested stretch. 
The end of MX and the beginning of MA are separated by 61 A. In the 
Cys-loop receptor family this missing part contains interaction sites for 
proteins modulating activity, assembly, trafficking and clustering”. 

The position of the post-M3 loop relative to MA-M4 is restrained 
by the residue W426, conserved among cationic receptors. Globally the 
intracellular domain creates a vestibule exposing on its inner surface 
residues of the post-M3 loop (H309, K310 and D312), of the M1-M2 
loop D247 (D—4") and of the MA helix (R416, R420) (Extended Data 
Fig. 5c). Lateral portals between MA helices, seen in the Torpedo nAChR 
structure’®, are here blocked by the post-M3 loop leaving only a narrow 
tunnel, at its thinnest just 3.3 A in diameter (Fig. 4a and Extended Data 
Fig. 5a, b, e). Further down from the membrane, the MA helical bundle 
tightens and rings of hydrophobic residues L402, L406, 1409 and L413 
stack up to create a 17-A-long narrow zone, with a minimum diameter 
of 42A (Figs 2b and 4b). The structure described here therefore does 
not offer an exit pathway for the ions. Conformational changes have to 
take place for the ions to exit, through an opening believed to be larger 
than the transmembrane pore selectivity filter”, either at the lateral por- 
tals or along the channel axis. The tight hydrophobic juncture at the bot- 
tom of the MA helices, together with mutagenesis data that identify the 
upper rather than the lower MA helix as participating to the ion pathway**, 
favour the portals scenario. However, whether the conformation of the 
post-M3 loop and of the MX helix in the detergent-solubilized, trypsin- 
treated, crystallized receptors do accurately represent a physiological 
conformation of intact receptors at the plasma membrane remains to 
be investigated. The degree of intrinsic flexibility of the post-M3 loop 
and MX helix, whether they move, and/or whether the portals widen to 
open the way for ions—for example as a consequence of a global twist 
motion during gating—are also unresolved questions. 
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Figure 4 | The intracellular domain. a, Side view of two subunits, at the 
transmembrane and intracellular domain level, as cartoon and surface 
representation. The post-M3 loop and MX helix of one subunit is highlighted 
with green surface to show how it obstructs the portal between the MA helices. 
The three conductance-defining arginine residues are depicted as sticks. Inset: 
enlarged view from the intracellular vestibule showing two MA-M4s (grey 
backbone) and one post-M3 loop (green backbone) interactions. Red dots, 


From the observation that conductances of 5-HT3, homomeric recep- 
tors and 5-HT3,, heteromeric receptors were markedly different (0.4 pS 
versus 16 pS, respectively), a seminal study identified a triplet of argi- 
nine residues within helix MA of the A subunit responsible for the low 
conductance of homomeric receptors” (Fig. 4c). Combined mutation of 
5-HT3, receptor residues R416, R420 and R424 to their counterparts 
glutamine, aspartic acid and alanine of the 5-HT3, receptor yielded a 
conductance jump to the 20-40 pS range. R416 faces the pore lumen; 
R420, within salt-bridge distance to D312, can point into or out of the 
vestibule; and R426 is exterior to the post-M3 loop and more oriented 
towards the cytosol (the arginine side chains are not all well resolved, 
but their a-carbon (Ca) positions are; Extended Data Figs 2 and 5). The 
three conductance-defining arginines are surrounded by negatively charged 
residues (E414, D417, E418, E421 and D425) that create a ladder of neg- 
ative charges along the outer face of the MA helix (Fig. 4d). Removal of 
the negative charges at positions 414, 417 and toa lesser extent at posi- 
tions 421 and 425 increased the conductance*”. Homology modelling 
based on the Torpedo nAChR structure suggested that the arginine res- 
idues could either line the portals and create an electrostatic energy 
barrier*****, or they could engage in inter-subunit salt bridges with 
neighbouring negatively charged residues, conferring structural rigidity 
that is adverse for translocation’. Comparing our resolved intracellular 
domain to that of the Torpedo nAChR structure, we found shifts in reg- 
ister between the sequence alignment and the structural superimposi- 
tion (Extended Data Fig. 6a—d) and distinct organizations of the MA 
helix bundle (Extended Data Fig. 6e, f). Our structure thus provides a 
new framework to interpret the functional data. 


Neurotransmitter binding site 


The binding site anatomy has been explored by a wealth of functional 
and biochemical studies on the 5-HT; and other Cys-loop receptors”, 
and by structural studies of acetylcholine-binding proteins** * (AChBP) 
serving as surrogates for the extracellular domain of Cys-loop receptors. 
Each of the five equivalent serotonin binding sites of the 5-HT3 receptor 
are located between two subunits in an electronegative cleft (Fig. 5a and 
Extended Data Fig. 7). Loops A, Band C from the principal subunit and 
portions of §-strands D, E, G and loop F from the complementary sub- 
unit contribute to the site. A, B, D and E elements are more internal and 
connected through a network of conserved residues (sometimes referred 
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oxygen atoms; blue dots, nitrogen atoms. b, View of the intracellular tight 
hydrophobic constriction (yellow sticks, pore surface as blue dots) and of 

the striking charge pattern of the MA helix (one subunit only is represented 
with red and blue sticks for negatively and positively charged residues, 
respectively). c, Sequence alignment of the mouse 5-HT3,4 and human 5-HT3, 
sequences. The arginine triplet (bold) is present in A and absent in B subunits. 
Colours correspond to the structural snapshots. 


to as a ‘stabilizing box”; Extended Data Fig. 10), while loops C and F 
are peripheral and less restrained. 

The conformation of loop C was postulated to reflect the functional 
state of the receptor, contracted in agonist-bound AChBP structures 
and open in antagonist-bound structures*’*’. Here loop C adopts an 
intermediate conformation, wrapped by VHH15 loops CDR1, CDR2 
and D-E, while CDR3 interacts mainly with loop B8-B9 of the com- 
plementary subunit (Extended Data Fig. 7g, h). Each VHH15 buries a 
surface of 583 and 431 A? on the principal and complementary sub- 
unit, respectively. Of note, VHH15 antibodies contribute to all pack- 
ing contacts. Owing to its contact to the binding site, we investigated 
whether VHH15 did have an influence on the function of the receptor. 
Electrophysiology measurements revealed VHH15 as a potent inhib- 
itor of serotonin-elicited ion currents (Extended Data Fig. 1f-i): dose- 
response measurements performed on Xenopus oocytes yielded an ICs 
(dose concentration at half-maximal inhibition) of 29 nM, with similar 
effects in HEK 293 cells. Among all screened nanobodies, VHH15 was one 
of the most potent inhibitors. In radioligand binding competition assays, 
nanomolar concentrations of VHH15 inhibited half of the [7H]GR65630 
antagonist binding. A sub-nanomolar dissociation constant (Ka) was 
derived from surface plasmon resonance binding experiments (Extended 
Data Fig. 1), k). 

The remainder of the binding site appears unaffected by VHH15 and 
displays an archetypal organization (Fig. 5b, cand Extended Data Fig. 7). 
Aromatic residues from loop B (W156), loop D (W63) and loop E 
(Y126), together with F199 and Y207 from loop C, create a ~10-A- 
sized aromatic ‘box’. At the centre of the box, increased electron den- 
sity is present in F,—F, maps at ~4o, suggesting the binding of a small 
molecule from the crystallization liquor. W156, which was shown to 
have cation-7 interaction with serotonin, forms the back wall of the 
box. This cation-n interaction, initially postulated for acetylcholine in 
nACh receptors”, is conserved within the family. W156 protrudes from 
the principal subunit at the tip of loop B and interacts with three dif- 
ferent B-strands of the complementary subunit (82, 85 and 36). Loop B, 
a component of the stabilizing box, is a rigid structure, part of which 
is conferred by L157 and H158 interactions with D97, as previously 
evidenced by non-natural amino acid mutagenesis**. Because of this 
rigidity, W156 may act as a ball-joint during the quaternary reorgan- 
ization involved in gating. R65 in loop D, which can form a cation-n 
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Figure 5 | Neurotransmitter binding site. a, Extracellular view of the binding 
sites at the interface between subunits. Binding cleft surfaces are represented 
in pink, the extracellular domain core atoms are depicted in cartoon 
representation, with smooth surfaces for two of them. For one of the 5 binding 
sites, the binding loops A-G are indicated by coloured spheres for Co. atoms. 
b, Enlarged extracellular view with residues important for agonist binding 


interaction with the indazole moiety of granisetron™, presents here an 
extended conformation. It corresponds to R56 in GluCl that interacts 
with glutamate. Other internal residues pointing towards the site in- 
clude N101 (loop A), T152 and T154 (loop B), while peripheral ones 
include D42, 144 (loop G), D177, S179, 1180 (loop F) and residues from 
loop C. 


Interface and quaternary structure 

At the interface between the extracellular and the transmembrane do- 
mains, the crucial arginine R218 (refs 47, 48) of the pre-M1 loop is sur- 
rounded by three negatively charged residues E53 (loop 81-2, highly 
conserved), D145 (Cys-loop, strictly conserved) and E186 (loop B8- 
B9, well conserved in the cationic branch of the family, in the so-called 
GEW motif). These charged residues are sandwiched between the 
conserved aromatic residue W187 of loop B8-B9 above and the 142- 
FPF-144 motif of the Cys-loop below (Extended Data Fig. 8). Notably, 
residues equivalent to E53, E186, W187 and R218 were shown to inter- 
dependently contribute to signal transduction”. The sandwich arrange- 
ment seems to be conserved among Cys-loop receptor structures and its 
location might be an indicator of the state of the channel (Extended 
Data Fig. 8). The Cys-loop penetrates into the four-helix bundle of the 
transmembrane domain, and is located at the same height as the M2- 
M3 loop. The tip of the M2-M3 loop is disordered and residues 276-279 
do not appear in electron density maps, indicating that the conforma- 
tion captured is compatible with a degree of flexibility in this loop. The 
helical structure of M1 is broken at the conserved proline P230 (Ex- 
tended Data Fig. 8d), close to the interface, providing flexibility to the 
extracellular domain orientation relative to the transmembrane domain. 
The relative orientation of domains is unique for each receptor, as illu- 
strated by the substantial spread of transmembrane domains when su- 
perposing on a subunit extracellular domain (Extended Data Fig. 9a-c). 
Finally, when ELIC, GLIC, GluCl and the 5-HT; receptor structures are 
superposed, the latter appears as if it continued a global motion going 
from the closed to the apparently open structures (Extended Data Fig. 9d-g). 
This impression is confirmed when looking at a superposition of con- 
served motifs only, minimizing bias when comparing different species 
(Extended Data Fig. 10). 


Conclusion and future directions 


The structure of the split 5-HT3 receptor delivers a number of interest- 
ing, unexpected features. First, it crystallizes in complex with VHH15, a 
potent inhibitor, which is therefore expected to stabilize a non-conducting 
channel conformation. Second, although the transmembrane pore bears 
a minimal diameter intermediate between the apparently open and the 
tightly closed channels, the backbone conformation of the M2 helix 
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represented as sticks, and the binding cleft surface depicted in pink. The image 
corresponds to the rectangle in panel a. c, Enlarged view parallel to the 
membrane plane. Van der Waals surface is depicted as dots for aromatic box 
residues and loop C is removed for clarity. b, c, Red dots, oxygen atoms; 

blue dots, nitrogen atoms. 


bundle resembles that of GLIC and GluCl and differs distinctly from 
that of resting/closed GLIC and closed ELIC. Third, the split receptor 
displays a closed intracellular domain tightly coupled to the membrane 
domain via the continuous MA-M4 helices and via the post-M3 loop 
obstructing the lateral portals. We anticipate our structure to be the 
starting point for complementary research exploring its dynamics and 
unambiguously assigning the crystal structure to a physiological con- 
formation at the membrane. 

Cys-loop receptors are major targets for therapeutics to treat neu- 
rological disorders, and the 5-HT; receptor structure opens new ave- 
nues for rational drug design. Furthermore, as nanobodies may cross 
the blood-brain barrier”, they are potential diagnostic and therapeutic 
tools. Our finding that a particular nanobody binds at the subunits’ 
extracellular interface opens the possibility to specifically target Cys- 
loop receptor subtypes, which is a crucial challenge in developing new 
active compounds. 


METHODS SUMMARY 


The 5-HT; receptor was expressed in inducible HEK 293 cell lines, solubilized in 
C)2Eo detergent and purified by Streptactin affinity chromatography. After degly- 
cosylation and limited trypsin proteolysis, it was submitted to size-exclusion chro- 
matography and concentrated to ~4 mg ml © ‘A mixture containing a 1:2 ratio of 
receptor and VHH15 (~4 mg ml) supplemented with 0.56 mM of Cymal-6 was 
used for vapour diffusion crystallization with a reservoir solution containing 20- 
25% PEG 10000, 100 mM Na,SO, and 100 mM Tris pH 8.5. Phases were obtained 
by molecular replacement. Biophysical and functional characterizations were per- 
formed using surface plasmon resonance, voltage-clamp electrophysiology of HEK 
293 cells or Xenopus oocytes, and radioligand binding assays. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Interacting supernovae from photoionization- 
confined shells around red supergiant stars 


Jonathan Mackey’, Shazrene Mohamed’, Vasilii V. Gvaramadze**°, Rubina Kotak®, Norbert Langer’, Dominique M.-A. Meyer", 


Takashi J. Moriya’ & Hilding R. Neilson’ 


Betelgeuse, a nearby red supergiant, is a fast-moving star with a pow- 
erful stellar wind that drives a bow shock into its surroundings’ *. This 
picture has been challenged by the discovery of a dense and almost 
static shell’ that is three times closer to the star than the bow shock 
and has been decelerated by some external force. The two physically 
distinct structures cannot both be formed by the hydrodynamic inter- 
action of the wind with the interstellar medium. Here we report that a 
model in which Betelgeuse’s wind is photoionized by radiation from 
external sources can explain the static shell without requiring a new 
understanding of the bow shock. Pressure from the photoionized wind 
generates a standing shock in the neutral part of the wind’ and forms 
an almost static, photoionization-confined shell. Other red supergiants 
should have much more massive shells than Betelgeuse, because the 
photoionization-confined shell traps up to 35 per cent of all mass lost 
during the red supergiant phase, confining this gas close to the star 
until it explodes. After the supernova explosion, massive shells dra- 
matically affect the supernova light curve, providing a natural expla- 
nation for the many supernovae that have signatures of circumstellar 
interaction. 

Red supergiants are massive stars near the end of their lives, and are 
direct progenitors of core-collapse supernovae’®. They evolve from O- 
and B-type stars (hot, luminous sources of ionizing photons), and so 
these stars are often found together, within or near star clusters’. As a 
result, the cool stellar winds of red supergiants are often photoionized by 
external radiation fields'”"'*. To calculate the radiation hydrodynamics 
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Figure 1 | Circumstellar structures produced when a runaway red 
supergiant is exposed to an external ionizing radiation field. a, A neutral 
stellar wind expands freely from the star and is shocked and decelerated by a 
photoionization-confined shell. A photoionized wind accelerates away from 
the shell’s outer surface until it reaches the interface between the wind and the 


Bow shock 


ofa photoionized red supergiant wind, we simplify the problem by assum- 
ing spherical symmetry. We use an approximate two-temperature equa- 
tion of state for the gas, for which both the neutral gas and the photoionized 
gas are isothermal with temperatures T = T,, and T;>>Ty,, respectively. 
The ionized and neutral isothermal sound speeds similarly satisfy a;>>ap. 
The photoionized part of the red supergiant wind is accelerated as a result 
of ionization heating", whereas the neutral part is decelerated’ if the wind 
speed through the ionization front, v,, satisfies vy = 2a}. 

The resulting flow is depicted in Fig. 1. The outermost layer is the 
interface where the wind meets the interstellar medium. For static stars 
this is a spherical, detached shell, and for stars moving supersonically 
it is a bow shock. A photoionization-confined shell—a dense, shocked 
layer separating the neutral inner wind from the ionized outer wind— 
forms closer to the star. We identify this with the recently discovered 
shell in Betelgeuse’s circumstellar medium’. 

The properties of the photoionization-confined shell are calculated 
analytically and verified with simulations in Methods. Its outer bound- 
ary, Ryp, is calculated following previous work’? (Extended Data Fig. 1), 
and the standing shock radius, Rsheu, is obtained by requiring pressure 
balance across the shell. The shell reaches its final position (determined 
by the wind density and the incoming photon flux) on the expansion 
timescale of the wind, and then accumulates mass until it reaches a 
steady state, where the gas added to the shell at Rghen is balanced by that 
photo-evaporated from Ry. The steady-state mass of the shell, Mshen, 
follows from its density and volume (Extended Data Fig. 2). For realistic 
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interstellar medium, which is a bow shock for Betelgeuse. b, Detailed structure 
of a photoionization-confined shell from a spherically symmetric radiation 
hydrodynamics simulation of Betelgeuse’s wind. Hydrogen number density, 
Ny Velocity, v, and temperature, T, are plotted as functions of radius. 
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Figure 2 | Time evolution of the photoionization-confined shell around 
Betelgeuse for spherically symmetric simulations with three different 
ionizing fluxes. a, M,,.1; b, mass in the freely expanding wind, Myinas 
¢ Ryps dy Renen- All calculated using wind parameters M=1.2 x 10~°Mo yr7! 
wind properties and radiation fluxes, the most likely radii and masses 
are Ryp ~ 0.003-0.3 pe and Mgheu~(0.03 — 10)Mo (Mo, solar mass). 
Photoionization-confined shells are present in addition to bow shocks 
and detached shells, and should be common because red supergiant 
winds are often photoionized’*”. 

The steady-state shell mass for Betelgeuse is Mshe) = 1.0Mo, for the 
parameter values® v, = 14kms_', Ry = 0.15 pe and M=1.2x 1076 
Mo yr! (stellar mass-loss rate). If M is larger (for example 3 x 10~° 
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and v, = 14kms_*. The blue curves are from simulations with different 
external ionizing fluxes, F, (cm~*s~'). The black lines are plotted using data in 


table 2 of ref. 5 (Mprcs, Mre<r,, r¢ and r; and a-d, respectively), calibrated to 
match the 21 cm HI observations. 


Mo yr7!s ref. 3) then Mghen increases accordingly. In Fig. 2, we com- 
pare our model predictions for Betelgeuse to a recent analysis” in which 
21cm HI observations were interpreted in the context of a detached 
shell model. A photoionization-confined shell matches the observa- 
tions well for an external ionizing flux of F, ~ 2 X 10’cm™ 7s _'. Such 
a flux is found near the edge of old H 1 regions or within interstellar 
bubbles where diffuse ionizing photons constitute a large fraction of the 
total flux’* (Methods; Extended Data Fig. 4 and Supplementary Video 1 
show results from this simulation). The observed shell mass (0.09Mo) 
constrains its age to be 0.3-0.5 Myr. Betelgeuse’s post-main-sequence 
lifetime is about 1 Myr, and so it will probably explode before the 
photoionization-confined shell attains its steady-state mass. 

Further quantitative comparison at simulation time t = 0.4 Myr is 
shown in Fig. 3. The H1 column density is plotted in a position—velocity 
diagram as a function of separation from Betelgeuse and line-of-sight 
velocity of the gas. The blue- and red-shifted components of the freely 
expanding wind are at radial velocity v, ~ +14kms_',and the shocked 
shell is centred on v, = Okms_ ’. Our results again agree quantitatively 
with the data presented in ref. 5 (fig. 11 therein), with the caveat that 
our simulations did not self-consistently determine the shell tempera- 
ture (nor, consequently, the thermal broadening). 

Although the neutral shell has been clearly seen observationally, a 
crucial prediction of our model is that the photoionization-confined shell 
should be surrounded by an accelerating ionized wind, emitting brems- 
strahlung at radio wavelengths (with an emission measure of ~10- 
20cm  ° pc; emission measure is the integral of the square of the electron 


Figure 3 | Simulated observations of neutral hydrogen in the 
photoionization-confined shell around Betelgeuse. Observations are the 
output of a simulation using the models described in Fig. 2 with 
F,=2X10’cm’s"' at t= 0.4Myr, when Mgnet =0.093Mo. a, Position- 
velocity diagram showing logarithmic contours of H1 column density as a 
function of projected distance from the star and radial velocity, in units of 
logyo[H1 atoms (cm *km™'s)]. The freely expanding wind is seen red- and 
blueshifted by 14kms~* (thermally broadened), and the almost static shell is 
at zero velocity and is limb-brightened at large radius. b, Total spectrum of the 
H1 emission, assuming a distance of 200 pc and that the source is unresolved 
and spherically symmetric (mass of H1 per unit velocity also shown). 
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number density along a line of sight) and Doppler-shifted nebular spec- 
tral lines. Such a nebula has been detected for the red supergiant W 26", 
but it will be orders of magnitude fainter around Betelgeuse because 
the latter’s wind has much lower density. The only imaging detections 
of Betelgeuse’s gaseous circumstellar medium so far are the 21 cm H1 
data and unexplained far-ultraviolet emission from the bow shock’. 

The agreement of Betelgeuse’s neutral shell with our photoionization- 
confined shell calculations is encouraging, but further work is required 
to investigate multidimensional effects such as the non-radial flows that 
are introduced by clumpy and asymmetric winds"®, the dynamical sta- 
bility of the shocked shell, and the anisotropic external radiation fields!° 
(Methods). Photoionization-confined shells may also be present around 
lower-mass red giants and stars on the asymptotic giant branch that have 
winds of comparable velocity, if they are located in a photoionized medium. 

The main effect ofa photoionization-confined shell is to confine much 
more gas (up to 80 times more (Methods)) close to a red supergiant than 
would be expected from a freely expanding wind. Simulations show that 
~20-35% of the red supergiant wind is trapped in the photoionization- 
confined shell (Extended Data Fig. 3). The shell mass is ultimately limited 
by the total mass shed by the star during the red supergiant phase of 
evolution, which is typically less than 20Mo at solar metallicity, and so 
we expect the most massive shells to have Msher~(4—7)Mo. 

This has important implications for supernova/circumstellar-medium 
interactions because ejected material from about 10% of all core-collapse 
supernovae is observed to collide with dense circumstellar matter in the 
immediate vicinity of the exploding star’. It is usually assumed that this 
dense matter is produced by short periods of extraordinarily high mass- 
loss rate (< 0.1Mo yr7') just before the star explodes'*". This gas is 
difficult to decelerate and confine close to the star hydrodynamically”, 
requiring a prompt explosion after an eruptive mass-loss event. There 
is, however, no proven evolutionary link between eruptions and explo- 
sions (although ideas are being investigated”**). The photoionization- 
confined shell scenario overcomes this timing problem because the wind 
is decelerated effectively, allowing a fundamentally different interpre- 
tation of the light curves of some interacting supernova. For example, 
Betelgeuse’s mass-loss rate was previously deemed too small to produce 
an interacting supernova'’, but this conclusion may need revision fol- 
lowing the detection of its photoionization-confined shell’. 
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Figure 4 | Predicted luminosity evolution of supernovae interacting with 
massive photoionization-confined shells, compared with observations of 
two core-collapse supernovae. The shells are from simulations with 
M=10~4Mo yr~', v, = 15kms_', and either F, = 10'*cm™*s' (3.8Mo 
shell) or F, = 10° cm™*s~! (5.4Mo shell at larger radius). The shell grows for 
0.2 Myr until the star has lost 20M of mass, and then it explodes. The 
supernova kinetic energy is either 10°’ erg (equal to 1 Bethe (B)) or 5 X 10°’ erg 
(5B), as indicated. Also plotted are R-band light curves of the interacting 
supernova PTF10weh (ref. 26) and the more typical supernova 2004et (ref. 25). 
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Results froma calculation ofa radiative supernova blast wave expand- 
ing through the circumstellar medium of two of our most extreme models 
are plotted in Fig. 4. The bolometric light curve rebrightens when the 
blast wave reaches the photoionization-confined shell, and remains at 
nearly constant luminosity until the shell is overrun by the shock. The 
initial interaction with the circumstellar medium is strong enough to 
leave detectable signatures in supernova observations, and the later shell 
collision is even more luminous. Two core-collapse supernova light curves 
are shown for qualitative comparison: SN 2004et (ref. 25) belongs to the 
most common (plateau) class, whereas SN PTF10weh (ref. 26) is an inter- 
acting supernova. The light curve of SN PTF10weh was interpreted as 
a bright pre-supernova eruption (0-500 d in Fig. 4) followed by a luminous 
supernova at ~500 d (ref. 26). Figure 4 shows an alternative interpreta- 
tion that fits the data well: an explosion at 0 d followed by a collision of 
the supernova shock with a photoionization-confined shell at ~500 d. 
In this interpretation, the supernova would produce broad spectral lines 
immediately after explosion. Because pre-supernova eruptions eject lower 
velocity gas with narrower lines, this could be used to distinguish the 
two scenarios. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Magneto-optical trapping of a diatomic molecule 


J.F. Barry't, D. J. McCarron!, E. B. Norrgard', M. H. Steinecker! & D. DeMille! 


Laser cooling and trapping are central to modern atomic physics. 
The most used technique in cold-atom physics is the magneto-optical 
trap (MOT), which combines laser cooling with a restoring force from 
radiation pressure. For a variety of atomic species, MOTs can capture 
and cool large numbers of particles to ultracold temperatures (less 
than ~1 millikelvin); this has enabled advances in areas that range 
from optical clocks to the study of ultracold collisions, while also serv- 
ing as the ubiquitous starting point for further cooling into the regime 
of quantum degeneracy. Magneto-optical trapping of molecules could 
provide a similarly powerful starting point for the study and manip- 
ulation of ultracold molecular gases. The additional degrees of freedom 
associated with the vibration and rotation of molecules, particularly 
their permanent electric dipole moments, allow a broad array of appli- 
cations not possible with ultracold atoms’. Spurred by these ideas, a 
variety of methods has been developed to create ultracold molecules. 
Temperatures below 1 microkelvin have been demonstrated for diat- 
omic molecules assembled from pre-cooled alkali atoms”’, but for the 
wider range of species amenable to direct cooling and trapping, only 
recently have temperatures below 100 millikelvin been achieved**. The 
complex internal structure of molecules complicates magneto-optical 
trapping. However, ideas and methods necessary for creating a molecu- 
lar MOT have been developed*”' recently. Here we demonstrate three- 
dimensional magneto-optical trapping of a diatomic molecule, strontium 
monofluoride (SrF), at a temperature of approximately 2.5 millikelvin, 
the lowest yet achieved by direct cooling of a molecule. This method 
is a straightforward extension of atomic techniques and is expected 
to be viable for a significant number of diatomic species®’. With fur- 
ther development, we anticipate that this technique may be employed 
in any number of existing and proposed molecular experiments, in 
applications ranging from precision measurement” to quantum 
simulation” and quantum information” to ultracold chemistry”. 

In laser cooling, the species of interest is illuminated by counter-propagating 
pairs of laser beams. The laser frequency is detuned just below resonance 
with an electronic transition. Owing to the Doppler effect, a particle is 
more likely to absorb a photon from the beam that opposes the particle 
velocity, slowing the particle. If the subsequent spontaneous emission 
returns the particle to the same initial state (or another state also excited 
by the lasers), then this process of absorption and spontaneous emission 
can be repeated many times (a ‘cycling transition’). This provides a damp- 
ing force. However, this force does not act to spatially confine the particles. 
In a MOT, cooling and confinement are produced simultaneously. Three 
orthogonal pairs of laser beams are spatially overlapped with a quadrupole 
magnetic field. Fora pair of ground and excited state Zeeman sublevels, 
a deviation from the trap centre generally induces a Zeeman shift that 
moves the transition closer to or further from resonance with the lasers. 
For a small deviation along a given laser axis, the transition shifted closest 
to resonance can be driven by a particular laser polarization; this polar- 
ization is chosen for the laser counter-propagating to the direction of the 
deviation, while the co-propagating laser has the orthogonal polarization. 
Hence, on average there is a confining force restoring particles towards 
the centre of the trap. 

The SrF MOT described in this work uses techniques very similar to 
those used for standard atomic MOTs. Anti-Helmholtz coils create a 


static quadrupole magnetic field (with an axial field gradient, dB,/dz, 
equal to twice the radial field gradient, dB,/dp), and pairs of circularly 
polarized laser beams pass through the centre of this field along three 
orthogonal axes. The trap is loaded with pulses of SrF from a cryogenic 
buffer gas beam source” that have been slowed using radiation pressure”. 
However, the level structure of SrF dictates that our MOT is similar toa 
rarely used and poorly understood configuration of atomic MOT (known 
as type II), which differs in certain characteristics from the most common 
atomic MOTs (type I). 

The type-I MOT employs an F— F' = F + 1 cycling transition, where 
F is the total angular momentum quantum number and the prime indi- 
cates the excited state. For a given polarization, particles in all ground-state 
Zeeman sublevels are optically coupled to the excited state (all states are 
‘bright’). The type-II MOT operates on an F—> F’ = For F—> F’ = F—1 
transition, where certain ‘dark’ ground state sublevels are not optically 
coupled to the excited state. The presence of dark states reduces the spon- 
taneous photon scattering rate; this rate can go to zero in the absence of a 
mechanism to ‘remix’ dark states with the bright states. Moreover, scatter- 
ing alone does not ensure a confining force: the scattering rate from the 
laser counter-propagating to a particle’s deviation from the trap centre 
must exceed the scattering rate from the laser co-propagating. In type-II 
systems, the level structure makes it possible for particles to be pumped 
into a state dark to the counter-propagating laser but bright to the co- 
propagating laser, so a confining force is not guaranteed'”’*. Conse- 
quently the damping rate and restoring force may be significantly smaller 
for type-II MOTs than for those of type I. There appears to be no widely 
accepted understanding of the mechanisms responsible for generating 
a restoring force in type-II MOTs. Nevertheless, type-II MOTs have been 
demonstrated in several atomic systems'*”’; for these, relatively weak 
confinement and slightly elevated temperature are typically observed. 
The rotational structure of diatomic molecules generically requires their 
cycling transitions to correspond to a type-II MOT system; the SrF MOT 
described here is hence also of type II. 

We use a previously demonstrated scheme for creating a cycling trans- 
ition in SrF (refs 8-10) on the X*X* — A’IT, , electronic transition (see 
Methods). Calculated vibrational branching fractions by,, for decay of 
the excited state with vibrational quantum number v’ to the ground state 
with vibrational quantum number v, suggest that only three vibrationally 
excited levels in the X state (v = 1, 2, 3) are significantly populated after 
~10° photon scattering events, corresponding to ~1 s of optical cycling 
for typical scattering rates (see below). Hence, three vibrational repump- 
ing wavelengths are expected to be sufficient to trap SrF for the ~1s 
timescale typical of atomic MOTs. We denote the laser addressing the 
X(v = i) A(v’ = j) transition by Lj, so that the three repump lasers 
are labelled £9, £2; and £3; the primary and secondary trapping 
lasers are denoted Lo) and ae respectively. (The need for a second 
trapping laser is explained below.) Radio-frequency sidebands on the 
Loo, Lio, £21 and £3, lasers address spin-rotation/hyperfine (SR/HF) 
substructure in the X* state (Fig. 1a). Rotational branching is elimi- 
nated by driving an N = 1(J = 3/2, 1/2) J’ = 1/2 transition’, where N 
is the total angular momentum excluding electronic and nuclear spin 
and J is the total angular momentum excluding nuclear spin. Driving 
these transitions optically pumps population into dark ground-state 
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Zeeman sublevels not excited by the laser”. These dark states must be 
remixed with the bright states for cycling to continue. In this work, re- 
mixing occurs both due to Larmor precession in the quadrupole mag- 
netic field and due to optical pumping as molecules move through the 
complicated optical polarization gradients arising from the orthogonal 
pairs of circularly polarized laser beams”. 

The optimal polarization of the trapping light depends both on the sign 
of the difference in magnetic moment between the ground and excited 
states of the cycling transition and on the orientation of the quadrupole 
magnetic field. Within the sublevels of the SrF X’X(N = 1) state, two 
of the four SR/HF manifolds have positive magnetic g-factors, one has 
g= 0, and the remaining manifold has g< 0 (Fig. 1a); the A7I, 2 state 
has g ~ 0. The presence of both negative and positive g-factors means 
that laser frequencies addressing the different SR/HF manifolds must 
have different polarizations for optimal trapping. This is achieved by 
combining the Log light with single-frequency light of the opposite po- 
larization from the om secondary trapping laser (see Methods). 

The pulse of molecules from the beam source begins with laser abla- 
tion of an SrF, target at t = 0 ms. The slowing is applied from t = 0 ms to 
t = 40 ms (see Methods). Molecules in the trapping region are detected 
via laser-induced fluorescence (LIF) from the X— A cycling transition 
at Ago = 663.3 nm and imaged onto a CCD (Fig. 1b; see Methods). 

Realization of magneto-optical trapping results in increased LIF from 
a small area in the trapping region near the B-field zero. This localized 
LIF persists for an increased duration compared to the spatially broad 
LIF from the untrapped, slowed molecular beam and suggests that mole- 
cules are confined in this region. To observe the MOT, the Loo, Phe 
Ly and £5, lasers must be present with the proper detunings (and, for 
the trapping lasers, polarizations), the B-field gradient must be present 
(dB,/dz ¥ 0) and the laser slowing must be applied. The £3 laser is not 
necessary to observe the MOT but results in ana be LIF. Maximum 
LIF is observed with the laser detunings Ao =A), = —1.20=2n x 
8 MHz (where J” = 21 X 7 MHz is the natural linewidth) and dB,/dz 
= 15Gcm ' (see Methods); these parameters are similar to those for 
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Figure 1 | Experimental set-up. a, Optical addressing scheme. Relevant 
energy levels are shown for a positive B-field; m; is the angular momentum 
projection. The es laser (red dashed lines) primarily a the |J = 3/2, 
1) and |J = 1/2, F = 0) states, while the £}, laser (orange 
ded line) an the | J=1/2, F= =1) state. Arrows show o _ transitions 
ed) driven by the Loo laser light and o* ae (orange) driven by the 
Lh, laser light. Transitions from |J = 3/2, F 1/2, F= 0) and 
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standard atomic MOTs. Unless stated otherwise, measurements are made 
with these default parameters. 

The proper polarization for the trapping light depends on the sign of 
dB,/dz. Reversing either the sign of dB,/dz or the circular polarization 
of the MOT trapping light should create an anti-restoring force and 
prevent MOT formation. Reversing both the sign of dB,/dz and the po- 
larization in tandem, however, should return the system to a restoring con- 
figuration, and the MOT should be realized again. We observe the expected 
behaviour for these four states of the system as shown in Fig. 2, con- 
firming magneto-optical trapping of SrF molecules. From these images 
we also determine the MOT cloud position and size by fitting the LIF 
intensity profile to a two-dimensional Gaussian; we find typical r.m.s. 
widths of Pyms = 4.1(1) mm (radial) and Z,, = 2.6(1) mm (axial). 

To probe the confining and damping forces in the MOT, the molecular 
cloud’s response to a rapid displacement of the trap centre is measured. 
During loading, a magnetic bias field offsets the MOT centre radially, 
along the axis of the molecular beam. The bias field is then switched off, 
releasing the trapped molecules into the unbiased potential. Using a short 
camera exposure (Af,,,, = 5 ms), the molecular cloud’s position is mea- 
sured as a function of time (Fig. 3a; see Methods). The cloud exhibits 
damped harmonic motion as it moves towards the equilibrium position, 
with oscillation frequency w, = 2m X 17.2(6) Hz and damping coefficient 
a/Msyp = 140(10) s ', where meyp is the mass. With the measured radial 
width (P;ms), the ie ela n theorem is used to find the radial MOT 
temperature: T, = 7, Pims / kgmsrz = 2.5(2 2) mK, where kg is the Bolt- 
zmann constant. If we assume the relation w? = = 207%, holds, as for a stand- 
ard atomic MOT in a quadrupole field”, we find the axial oscillation 
frequency w, = 2m X 24.3(9) Hz. The measured MOT axial width Zpms 
then corresponds to an axial temperature T, = 2.0(1) mK. 

To verify the MOT temperature, ballistic expansion measurements 
are performed. Trapped molecules are released at t,., = 90 ms (by extin- 
guishing the £», laser). After a time of flight Atpop, the £2) light is restored, 
and the resulting LIF is imaged onto the CCD. A short imaging time 
(At.x, = 5 ms) is used to accurately determine the expanded cloud’s size 


MOT beam 


Slowing 


beams 


Camera 


| J = 1/2, F = 1) are marked with transparent arrows for clarity; each line width 
is proportional to the transition strength. The lasers are drawn at the ground 
state energy with which they would be resonant. b, Experiment schematic 
showing the MOT (red) and slowing (green) laser beam paths. The line widths 
indicate beam diameters, and the grey arrows illustrate the default magnetic 
field gradient. The waveplates and mirrors used to create the vertical MOT 
beam (dashed line) are not shown. 
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Figure 2 | Magneto-optical trapping of SrF. Shown are images (averaged 
over 600 pulses) of LIF in the trapping region for different polarizations and 
signs of dB,/dz. The grey crosses mark the position of the magnetic field zero. 
Gravity is in the z-direction. For clarity, data in the images are smoothed with a 
Gaussian of width o = 0.7 mm. 


(see Methods). For an initial Gaussian spatial distribution and a Bolt- 
zmann distribution of velocities (with no correlation between position 
and velocity), the widths Z,;and Pyms of the expanding cloud are given by: 


and z= 


kpT, { 1 
Dems = a (4 +200 


MsrF wr, 


kT, ( 1 
The data and associated fits are shown in Fig. 3b. The slopes of the fits 
give the temperatures, which are then used with the intercepts to 


determine w, and @,. This treatment plots the measured cloud width 


(which is an average over the camera exposure duration) at the start time 
of imaging/illumination. Monte Carlo simulations for the measured trap 
frequencies suggest that the cloud continues to expand during the short 
illumination interval, and therefore the extracted width is an upper 
bound for the actual width at the imaging time, fim = tra + Atrop. Hence 
this treatment of the data yields upper limits on the MOT temperature. 
The fits give T, = 2.7(3) mK and T, S 2.1(1) mK, with trap frequencies 
@, = 2m X 19(1) Hz and w, = 27 X 29(1) Hz, corresponding to spring 
constants «, = 2.5(3) X 10 *'Nm_‘ and x, = 5.9(4) X10 71Nm 1. 
These values are in good agreement with the values from the MOT 
oscillation measurement. The temperatures are roughly an order of mag- 
nitude greater than the SrF Doppler temperature, Tp = AI7/(2kg) = 160 LK. 
Temperatures well above the Doppler temperature are also reported in 
work with atomic type-II MOTs”. These spring constants are two to 
three orders of magnitude smaller than for typical type-I atomic MOTs” 
and approximately one order of magnitude smaller than reported values 
for atomic type-II MOTs”, though measurements of the spring con- 
stants in type-II atomic MOTs are so few that ‘typical’ behaviour is dif- 
ficult to characterize. A third measurement of the MOT temperature 
Tmor is performed using the release-and-recapture method, yielding a 
temperature in good agreement with the other methods (see Methods). 
Measurement of the spontaneous photon scattering rate for trapped 
molecules, R,,, allows the number of trapped molecules Nyjor to be deter- 
mined via fluorescence detection. We find R,.~4.3*5'5 x 10° s~1 (see 
Methods). Based on the efficiency of the LIF detection system, measured 
to be ~0.8%, the MOT population is estimated at Nyor ~ 300 SrF mole- 
cules, corresponding to a peak trap density of nyor ~ 600cm*. 
The MOT lifetime, t,o7, is obtained by measuring LIF in the trap- 
ping region as a function of time and fitting a single exponential decay 
curve to the data after t = 67 ms, as shown in Fig. 3c. This start time avoids 
significant contributions to the LIF signal from the slowed but ultimately 
untrapped part of the molecular beam. We find tyor = 56(4) ms, signifi- 
cantly shorter than is typically seen in atomic MOTs. When the £32 
repump laser is not present, tyyo7 = 27(2) ms. We have verified that 
neither collisions with ballistic helium from the buffer-gas beam nor 
collisions with background gases are the primary loss mechanism from 
the trap. Optical pumping into the dark X’Z(v = 4) state would result in 
Tumor ~ 1s for the measured value of R,., and off-resonant excitation pop- 
ulating dark rotational levels is found to be insignificant (see Methods). 
The strikingly low restoring force measured suggests another expla- 
nation for the low value of tyjor: the trap depth is not large compared to 
kgTmor, as in typical atomic MOTs, so a significant fraction of molecules 
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Figure 3 | Measurement of MOT properties. a, MOT cloud response to rapid 
displacement of the trap centre. Top, LIF images averaged over 1,600 pulses 
(images are placed at the appropriate position on the x axis); middle, 2D 
Gaussian fits to LIF images; bottom (main panel), the extracted radial position 
as a function of time. The fit is to the motion of a damped harmonic oscillator. 
Zero is set at the position of the MOT with no displacement. b, Free expansion 
of the MOT following release. For a given position on the x axis (free expansion 
time), insets show LIF images averaged over 2,000 pulses (top) and 2D 
Gaussian fits (bottom), and data points show measured MOT radial (black 
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squares) and axial (red circles) widths. In both a and b, images are rescaled to 
the maximum value at each time. c, Main panel; LIF in the trapping region 
versus time t for MOT with (red squares) and without (purple circles) the £32 
repump laser, for untrapped damping (blue triangles), and for damping/ 
anti-restoring (black triangles) configurations (see Methods). Overlaid are 
single exponential fits. Inset, MOT lifetime versus MOT laser beam diameter. 
Error bars, +1¢ confidence interval from a 7” analysis of the fits. LIF images 
are smoothed as in Fig. 2; all fits and analyses are performed using the 
unsmoothed data. 
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can escape the trap simply by being in the high-energy tail of the Bolt- 
zmann distribution. The MOT trap depth Uyor can be estimated using 


1 
Umot = : Kp(d;/2) - assuming that ic, is constant to the edges of the MOT 


beam (d; is the beam diameter). This gives Uor/kg = 10(1) mK ~ 4T yor; 
in contrast to atomic MOTs where Uyor/kg ~ 1K ~ 1,000Tyor. We 
presume that rapid molecule-light interactions maintain a constant tem- 
perature in the MOT, leading to continuous loss rather than evaporative 
cooling as in a conservative trap (where the trap leaves the total energy of 
a trapped sample unchanged). A simple model for the rate of particle 
escape under these conditions lends credence to this explanation for the 
short MOT lifetime (see Methods). Additional support comes from the 
observation that tyror depends strongly on the MOT beam diameter 
(Fig. 3c, inset). Reducing the beam diameter d; from 23 mm to 21 mm 
(a <1% decrease in power) reduces tyor by ~30%. We are unaware of 
any other trap loss mechanism that might exhibit this behaviour. 

For our cycling transition, the maximum restoring force Fnax = Kd)/2 
corresponds to a confining photon scattering rate Roon = Fmax/(hk) = 

5(2) X 104s ' (where k = 210/Agg is the wavenumber) confining photons 

froma single MOT beam, only ~1% of R,.. The small value of Roon/Rs-e may 
be understood qualitatively by noting that in a simple one-dimensional 
model, the angular momentum level structure of our system (J = 3/2, 
1/2— J’ = 1/2) ensures that each photon scattered in the ‘correct’ (con- 
fining) direction on average must be followed bya photon scattered in the 
‘incorrect’ (anti-confining) direction in order to resume optical cycling”®. 
In three dimensions, with complicated polarization gradients and other 
means of remixing, this relation no longer holds exactly. Nonetheless, the 
mechanism behind the slight bias of scattering events towards the trap 
centre that leads to the weak, yet non-zero confining force is not well 
understood. This same type of level structure is also the defining char- 
acteristic of atomic type-II MOTs, which exhibit qualitatively similar 
characteristics to our SrF MOT (suchas extended spatial extent and elevated 
temperature) although with reported stronger confinement’? ?". Hence 
the weak trapping and only moderately low temperature observed in our 
SrF MOT are believed to be due to the angular momentum level structure 
rather than any other issues related specifically to using a diatomic mole- 
cule rather than an atom. Despite these limitations, our method succeeds 
in trapping and cooling molecules to the lowest temperature reported for 
any direct-cooling method to date. 

Future work is expected to allow substantial increases in the density 
and the number of molecules trapped. For example, the trappable flux 
may be increased by implementing a more efficient slowing method”® 
or by transversely confining the molecular beam as it is slowed”. A variety 
of methods may enable increased trap depth by increasing the fraction of 
scattered photons contributing to the confining force (Reon/Rs-), which 
could in turn increase trap lifetime, capture velocity, density, and number 
of molecules trapped. This could be accomplished, for example, by rapid 
synchronous reversing of the MOT magnetic field gradient and the laser 
circular polarizations, as recently demonstrated in two-dimensional mag- 
neto-optic compression of a molecular beam”, or alternatively by using a 
microwave electric field to pump molecules in anti-trapped Zeeman sub- 
levels into trapped levels by driving transitions through other rotational 
states”®. 

Although magneto-optical trapping of molecules is in its infancy, our 
results demonstrate that this technique could be applied in a straight- 
forward way to a significant number of diatomic species”. The MOT has 
proved indispensable for cooling and trapping many atomic species; with 
further development, we expect that it may prove similarly useful for 
producing ultracold gases of diatomic molecules. Such an advance is 
expected to enable a wide range of new experiments including tests of 
the standard model of particle physics*”’, sensitive searches for variations 
of fundamental constants”, and studies of novel chemical dynamics in 
the ultracold temperature regime’. 


LETTER 
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Abrupt glacial climate shifts controlled by ice 


sheet changes 
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During glacial periods of the Late Pleistocene, an abundance of proxy 
data demonstrates the existence of large and repeated millennial-scale 
warming episodes, known as Dansgaard-Oeschger (DO) events’. This 
ubiquitous feature of rapid glacial climate change can be extended 
back as far as 800,000 years before present (BP) in the ice core record’, 
and has drawn broad attention within the science and policy-making 
communities alike’. Many studies have been dedicated to investigat- 
ing the underlying causes of these changes, but no coherent mechanism 
has yet been identified* **. Here we show, by using a comprehensive 
fully coupled model”*, that gradual changes in the height of the North- 
ern Hemisphere ice sheets (NHISs) can alter the coupled atmosphere- 
ocean system and cause rapid glacial climate shifts closely resembling 
DO events. The simulated global climate responses—including abrupt 
warming in the North Atlantic, a northward shift of the tropical rain- 
belts, and Southern Hemisphere cooling related to the bipolar seesaw— 
are generally consistent with empirical evidence’*”’. Asa result of the 
coexistence of two glacial ocean circulation states at intermediate 
heights of the ice sheets, minor changes in the height of the NHISs 
and the amount of atmospheric CO, can trigger the rapid climate tran- 
sitions via a local positive atmosphere-ocean-sea-ice feedback in the 
North Atlantic. Our results, although based on a single model, thus 
provide a coherent concept for understanding the recorded millennial- 
scale variability and abrupt climate changes in the coupled atmosphere- 
ocean system, as well as their linkages to the volume of the intermediate 
ice sheets during glacials. 

A common explanation for DO cycles involves changes in the Atlantic 
meridional overturning circulation’® (AMOC), perhaps triggered by 
freshwater forcing? ~°. However, the representation of freshwater origin, 
timing and magnitude—used to force abrupt ocean circulation changes— 
varies between models, and palaeoceanographic evidence for these ocean 
circulation changes and their relationship to freshwater perturbation 
remains elusive (Methods). Nevertheless, one fundamental character- 
istic of DO events, possibly offering a clue to their origin, is that almost 
all events occurred during glacial periods when global ice volume was 
varying at intermediate levels’*"*, suggesting a potential relationship 
between the intermediate ice sheets and the existence of millennial- 
scale climate variability’. To test this hypothesis, we use a fully coupled 
Earth System Model (COSMOS)"* to assess how changes in the height 
of the NHISs affect global climate during glacial periods, and find that 
the greater height of the NHISs forces a relatively stronger AMOC. As 
discussed later, a nonlinear behaviour of the AMOC exists under the 
intermediate height of the NHISs, equivalent to a decrease in sea level 
of ~60 m relative to today (Methods). 

To investigate the characteristics of this abrupt climate shift, we con- 
duct a transient simulation (ISTran45) by gradually increasing the height 
of the NHISs from that of the intermediate ice sheets, at a rate of decrease 
of 1.8cmyr~ equivalent sea level (ESL) (Fig. 1a-f). In response to a linear 
increase in ice sheets, surface air temperature (SAT) in the northern 
North Atlantic is characterized by a gradual warming rather than by a 
two-step strengthening process demonstrated by the AMOC strength 
(Fig. la-c). Initially, over the first 70 years, SAT in the northern North 


Atlantic gradually warms up by 4 °C, coincident with an increase in 
AMOC strength of 3 sverdrups (Sv, where 1 Svis equal to a volume flow 
rate of 10°m’s_'). Once the SAT warming has passed a thermal thresh- 
old (about —2.5 °C in our model), the weak AMOC increases abruptly 
by ~10 Sv within halfa century, attaining a strong overturning mode, 
along with a further warming of ~3 °C in the northern North Atlantic 
(Figs 1b, c and 2a, b). 

The SAT in the northern North Atlantic is characterized by strong 
variability during the weak AMOC mode (Fig. 1c, model years — 150 to 
0), also accompanied by variability in sea-ice concentration (SIC) and 
subsurface temperature (SubST) (Figs 1c—e and 2c). In fact, the SAT, SIC 
and SubST variabilities of the warm climate state (strong AMOC mode) 
lie within the range of high variability of the cold climate state (weak 
AMOC mode) (Fig. 1c-e and Extended Data Figs 3, 4). We attribute this 
high variability associated with the weak AMOC mode to the interplay 
between sea-ice change and subsurface warming in the northern North 
Atlantic. Indeed, the cold climate (weak AMOC mode) supports sea-ice 
formation and the build-up ofa strong halocline in the northern North 
Atlantic. However, under the intermediate height of the ice sheets, the 
accumulated warm subsurface water mass can gradually destabilize the 
water column, triggering the release of subsurface heat and resuming a 
warm sea surface temporally’’”° (Fig. 1c-e). Once the gradual surface 
warming in the northern North Atlantic passes the thermal threshold, 
the reduced SIC and the weakened stratification undermine the inter- 
action between the sea-ice change and subsurface warming, lowering the 
internal climate variability (for example SAT, SIC and SubST) (Figs 1c-e 
and 2c, d). Thus, the surface warming acts to increase air-sea heat flux 
by reducing SIC, promoting a fast attainment of vigorous deep convec- 
tion. This further warms the northern North Atlantic and completes the 
abrupt transition to a warm climate state (Fig. 1b-d). In parallel, the high 
variability in the northern North Atlantic undergoes a shift, along with 
the mode transition to the Nordic Sea, causing a fluctuation of SIC and 
resulting in large temperature variations there (Fig. 2c, d and Extended 
Data Fig. 4). 

The abrupt transition from weak to strong AMOC modes is controlled 
bya nonlinear response of the glacial ocean to gradual variations in the 
NHIS height by two mechanisms: first, changes in the export of sea ice 
to the North Atlantic, and second, adjustments of the subpolar and sub- 
tropical gyre systems, both of which occur in response to changes in the 
wind field forced by variations in the NHIS height, especially the Lau- 
rentide Ice Sheet (LIS; Extended Data Figs 2 and 5). Our model simula- 
tions show that variations in the height of the LIS lead to changes in the 
gyre circulation and sea-ice coverage by shifting the Northern westerlies. 
Associated with a gradual increase of the NHISs, the maximum westerly 
wind stress shifts northwards to ~57° N. Consequently, the zonal wind 
stress over the South Labrador Sea decreases, effectively weakening the 
export of sea ice to the northeastern North Atlantic. This reduces the 
SIC and results in surface warming over the region, permitting open 
ocean convection and the formation of North Atlantic Deep Water. In 
parallel, a strengthened wind-stress curl accelerates the North Atlantic 
gyre systems, encouraging both the northwards advection of heat via the 
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Figure 1 | Transient simulations with gradually 
increasing NHIS height (ISTran45) and CO, 
level (TrGHG04). a, g, Transient forcing; 

b, h, AMOC index (AMOC maximum in the North 
Atlantic north of 45° N; ¢, i, SAT index; d, j, SIC 
index; e, k, SubST index (at 100 — 1,000 m water 
depth) of the northern North Atlantic (average in 
56-65° N, 5-30° W); f, , SAT index in the Southern 
Ocean (60—76° S zonal mean). a-f, transient 
experiment ISTran45; g-l, transient experiment 
TrGHG04. Bold lines show the 30-year running 
mean of the original data (grey lines). Shadings 
indicate one standard deviation of the indices in 
30-year windows. The vertical purple, blue and red 
dotted lines represent the starting points for the 
transient simulations, abrupt AMOC transitions 
and cooling in the Southern Hemisphere, 
respectively. Negative model years indicate the 
control simulation of NHIS_0.4 (Extended Data 
Table 1). The mode transition in ISTran45 occurs 
in about model year 60 (blue dashed line in a). 
This transition shows that an decrease of ~1.1 min 
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ESL (corresponding to a 1.2% increase in NHIS 
height) can trigger the rapid glacial climate change 
when the NHISs are close to its height threshold. 
Hsf, height scaling factor (Methods). 
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North Atlantic Current and vertical mixing in the subpolar North Atlantic, 
the latter acting to increase the ventilation of subsurface warm waters, 
resulting in large-scale heat loss and further convection in the open ocean. 

To gain a deeper understanding on the effect of variability in ice-sheet 
height on millennial-scale glacial climate and the governing mechanisms 
of such change, the stability of the AMOC with respect to intermediate 
NHIS heights was further tested in COSMOS (Fig. 3 and Methods). 
After the hysteresis, branch 1 (points a and b in Fig. 3a, b) demonstrates 
the abrupt increase in AMOC, branches 2 (points b-e in Fig. 3a, b) and 
3 (points e and fin Fig. 3a, b) represent the warm glacial climate state and 


Model year 


rapid Northern Hemisphere cooling, respectively, and branch 4 (points 
f-h in Fig. 3a, b) represents the cold glacial climate state. Indeed, the asso- 
ciated change in AMOC after this hysteresis curve is remarkably similar 
to the general shape of the DO cycle’ (Fig. 3b). Most notably, the AMOC 
hysteresis curve demonstrates a glacial ocean characterized by a classical 
bistable regime, corresponding to changes in sea-level of up to ~18 mas 
indicated by proxy data”’ (Fig. 3a). Within the bistable range, two dis- 
tinct glacial ocean modes with strong and weak AMOC (not an ‘off mode) 
coexist under identical boundary conditions and are characterized by 
spatial patterns, for example abrupt warming in the North Atlantic, a 
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Figure 2 | Ocean circulation and internal SAT variability under cold and 
warm climate states in experiment ISTran45. Cold and warm climate defined 
as model years —200 to 0 and 110-250 of ISTran45 (Fig. 1a and Methods). 
a, c, AMOC (a) and standard deviation of SAT (c) in the cold climate. 

b, d, AMOC (b) and standard deviation of SAT (d) for the warm climate. 


northward shift of the tropical rain belts, and Southern Hemisphere cool- 
ing related to the bipolar seesaw, consistent with the existing proxy data 
for interstadial and stadial conditions, respectively’ (Figs la-f and 3c 
and Extended Data Fig. 6). In particular, the weak modes associated with 
the AMOC hysteresis remain characterized by active vertical convection 
in the North Atlantic (Fig. 2a, b and Extended Data Fig. 2), consistent 
with proxy data suggesting that major changes in ocean circulation are 
identified only for the DO-Heinrich events, not for other stadials as 
depicted here”. 

Given the same ice-sheet configuration, the strong AMOC mode, in 
comparison with the weak circulation, is characterized by a reduced SIC 
in the northern North Atlantic, allowing heat loss to the atmosphere 
and enhancing the AMOC by the formation of North Atlantic Deep 
Water (Fig. 4a). In parallel, the warmer SAT associated with this reduced 
SIC acts to enhance the local atmospheric low-pressure system (Fig. 4b), 
which in turn boosts the Gulf Stream water mass and heat transport by 
the altered wind system over the North Atlantic ocean (Fig. 4c). This 
process represents an atmosphere-ocean-sea-ice positive feedback mech- 
anism stimulating further melting of seaice and thus heat flux from the 
ocean, which acts to maintain convection in the North Atlantic. 

Our results demonstrate that, in combination with the positive 
atmosphere-ocean-sea-ice feedback, only a slight variation in the height 
of the intermediate ice sheets (that is, a change of less than 2 m in sea 
level) is capable of instigating the abrupt AMOC mode transitions by 
an adjustment of the heat distribution and SIC in the North Atlantic 
(Figs 1c-e and 3). Although the hydrological compensation due to the 
global ice volume changes is not considered here, salinification or dilu- 
tion in the North Atlantic shows a similar effect to increasing or decreas- 
ing the NHISs on triggering the mode shifts of the AMOC (Extended 
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AMOC plots indicate zonally integrated meridional transport in the Atlantic 
Basin from 30° S. Note the increased strength and northward shift of the 
deep-water convection sites in b compared with that in a. The black rectangle 
in c indicates the area used to calculate the North Atlantic SAT, SIC and SubST 
indices in Fig. 1. 


Data Fig. 7). However, we attributed the existence of the bistable regime 
to the positive local atmosphere-ocean feedback mechanism rather than 
the hydrological balance in the Atlantic basin as suggested by numerous 
other studies (see, for example, refs 3, 4, 6). 

It is known that some large DO warmings, after Heinrich events, are 
accompanied by large millennial-scale increases in atmospheric carbon 
dioxide (~20 p.p.m.)”, with an impact ona global scale**. We have there- 
fore performed a transient experiment (TrGHG04) in which a linear 
increase in atmospheric CO, concentration ranging from 185 to 205 p.p.m. 
is imposed over 500 years (at a constant ice-sheet size of 40% maximum 
glacial level; Methods). In this simulation, a similar yet even more abrupt 
Northern Hemisphere warming is simulated (Fig. 1g-l). This is due to a 
release of additional subsurface heat (resulting from a weakened AMOC 
that exists in response to the increasing CO, level)” to the atmosphere, 
thereafter triggering an abrupt warming of ~ 7 °C in the northern North 
Atlantic within 20 years. The timing and magnitude of this warming are 
consistent with proxy data revealing Heinrich-DO events to be simul- 
taneous with increased global CO, (refs 1, 23, 24), indicating that increases 
in atmospheric CO; alone can also trigger’’ and even amplify the abrupt 
Northern Hemisphere warming under the intermediate heights of the 
NHISs. 

The model results discussed here demonstrate for the first time that 
the glacial ocean is characterized by a hysteresis behaviour with respect 
to changes in the NHISs, corroborating a previous hypothesis that the 
millennial-scale variability during glacial periods is dependent on the 
existence of continental ice sheets’. The bistable ocean regime account- 
ing for the glacial abrupt climate switches is related to the intermediate 
volumes of the NHISs, consistent with the fundamental characteristic of 
the millennial-scale variability in the records'*'”"*. Our results therefore 
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Figure 3 | AMOC hysteresis with respect to changes in NHIS height and its 
relationship to recorded abrupt climate variability. a, Response of glacial 
ocean to variations in the NHIS heights. b, AMOC index for the experiments 
associated with the AMOC hysteresis (Methods). c, Simulated annual mean 
SAT anomaly between the strong and weak AMOC modes with reconstructed 
temperature changes (circles; Methods). The strong (or weak) mode in c and in 
Fig. 4 is an ensemble mean model results for points b-e (or f-h, a) of the 
hysteresis curve in a. Numbers in b correspond to the hysteresis branches 
defined in a. The AMOC strength in the pre-industrial (PI) control run is 
~16 Sv in our model’*’. The low AMOC indices corresponding to the weak 
modes do not represent an ‘off AMOC state (as indicated by the freshwater- 
hosing-induced Heinrich mode*'*), but rather a weakened AMOC (Fig. 2 and 
Methods). Crosses in a represent the experiments performed to analyse the 
response of the glacial ocean to NHIS change; circles indicate the simulations 
related to the hysteresis behaviour of glacial ocean (Methods). The NHIS height 
difference between the Last Glacial Maximum (LGM) and the present-day 
level is equivalent to a change in sea level of ~92 m, indicating an ESL difference 
between points b and f of about 18 m. 


provide a novel and broad framework for understanding the occurrence 
of rapid climate changes during glacials, indicating that only minor 
changes in NHISs, atmospheric carbon dioxide and/or hydrological bal- 
ance in the North Atlantic may induce abrupt ocean circulation change 
at the intermediate heights of the ice sheets. 

The timing of millennial-scale fluctuations in sea level during stadials 
and interstadials is heavily debated*!”°. The AMOC hysteresis presented 
here suggests that a transition from a weak (or strong) to strong (or weak) 
AMOC mode is compatible with a decrease (or increase) in sea level at 
the end of stadials (or interstadials). Furthermore, our study indicates 
a key tempo-spatial change in internal climate variability during rapid 
glacial climate changes, providing a new dynamic framework to explain 
the recorded sea surface warming and its increased fluctuation during 
ice-rafting or at the end of stadials in the northern North Atlantic”””*. 
This characteristic can potentially reconcile the large uncertainty of sea 
surface reconstructions in the northern North Atlantic and Nordic Sea 
during glacials””-”’. Nevertheless, new high-resolution records using 
improved age models are required for testing these hypotheses further. 

Having additionally tested the response of the climate system to chang- 
ing orbital configurations, we found no significant response in AMOC in 
our model (Methods). However, the ice sheets in our study are prescribed 
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Figure 4 | Annual mean anomaly maps between strong and weak AMOC 
modes. a, Mixed-layer depth anomaly (shaded) and absolute values for 15% 
(dashed lines) and 90% (solid lines) sea ice concentration in the strong (red line) 
and weak (blue line) modes. b, c, Anomalies of SAT (shaded) and sea-level 
pressure (contour) (b) and anomaly of barotropic horizontal stream function 
(shaded) and its absolute value in the strong AMOC mode (contour) (c). 


according to the Last Glacial Maximum configuration and are thus decou- 
pled from changes in external forcing and the internal atmosphere-ocean 
system. Further studies with similar climate models, preferably includ- 
ing dynamic interactive ice sheet components, should be able to test 
whether rapid changes in glacial climate can be triggered by variability 
in ice sheets related to internal feedbacks within atmosphere-ocean- 
cryosphere systems'*”° and to weak external forcing’. 

Online Content Methods, along with any additional Extended Data display items 


and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Continuing megathrust earthquake potential in Chile 
after the 2014 Iquique earthquake 
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The seismic gap theory’ identifies regions of elevated hazard based 
ona lack of recent seismicity in comparison with other portions of a 
fault. It has successfully explained past earthquakes (see, for example, 
ref. 2) and is useful for qualitatively describing where large earth- 
quakes might occur. A large earthquake had been expected in the 
subduction zone adjacent to northern Chile**, which had not rup- 
tured in a megathrust earthquake since a M~8.8 event in 1877. On 
1 April 2014 a M8.2 earthquake occurred within this seismic gap. 
Here we present an assessment of the seismotectonics of the March- 
April 2014 Iquique sequence, including analyses of earthquake reloca- 
tions, moment tensors, finite fault models, moment deficit calculations 
and cumulative Coulomb stress transfer. This ensemble of informa- 
tion allows us to place the sequence within the context of regional 
seismicity and to identify areas of remaining and/or elevated hazard. 
Our results constrain the size and spatial extent of rupture, and indi- 
cate that this was not the earthquake that had been anticipated. Signifi- 
cant sections of the northern Chile subduction zone have not ruptured 
in almost 150 years, so it is likely that future megathrust earthquakes 
will occur to the south and potentially to the north of the 2014 Iqui- 
que sequence. 

On 1 April 2014, a M 8.2 earthquake ruptured a portion of the sub- 
duction zone in northern Chile offshore of the city of Iquique, a major port 
and hub for the country’s copper mining industry. Peak shaking inten- 
sities reached MMI VIII on land, and a tsunami ~2 m high hit coastal 
towns in southern Peru and northern Chile. Six fatalities were attributed 
to the event, and at least 13,000 homes were damaged or destroyed. Pre- 
liminary estimates suggest total economic losses close to US$100 million’. 

A megathrust earthquake in this region was not unexpected; 230 
M >3.5 earthquakes occurred offshore of Iquique between August 2013 
and March 2014, a 950% increase in the rate from January to July 2013 
(ref. 8). Over the three weeks before the event, there were more than 80 
earthquakes between M 4.0 and M 6.7 (Fig. 1). Before the recent sequence, 
this subduction zone (between ~19.5° S and 21° S) had been identified 
as a seismic gap’, last rupturing in a M ~8.8 earthquake in 1877. The 
1 April event was followed bya vigorous aftershock sequence with more 
than 100 M =4 earthquakes, including a M 7.7 aftershock near the south- 
ernmost extent of the M 8.2 rupture. 

The seismic moment of all 2014 earthquakes to date equates to an 
event of just M ~8.3, much smaller than the estimated size of the 1877 
earthquake and of the potential event that could fill the seismic gap*® 
(Methods). The earthquake sequence spans a section of the subduction 
zone about one-third of the size of the inferred 1877 rupture’. It remains 
unknown how subduction zones behave over multiple seismic cycles 
and whether any given section can be associated with a characteristic 
earthquake, making it unclear whether this seismic gap should behave 
in the twenty-first century as it did in the nineteenth. Observations sug- 
gest that enough strain has accumulated along this plate boundary seg- 
ment to host an earthquake close to M 9 (see, for example, ref. 5), and 
earthquakes of this size have occurred in the past. The expectation from 


a seismic hazard perspective is that the fault can host another event of 
a similar magnitude. Although a great-sized earthquake here had been 
expected, it is possible that this event was not it’®. 

Sections of this subduction zone have ruptured since 1877 (Fig. 1), 
most notably in 1967, ina M 7.4 event between ~21.5° S and 22° S, and 
in the 2007 M 7.7 Tocopilla earthquake between ~22° S and 23.5° S. Slip 
during these events was limited to the deeper extent of the seismogenic 
zone, leaving shallower regions unruptured®"’. Farther south, the 1995 
M8.1 Antofagasta earthquake broke the seismogenic zone immediately 
south of the Mejillones Peninsula, a feature argued to bea persistent bar- 
rier to rupture propagation’*’’. Adjacent to the southern coast of Peru, 
a seismic gap associated with the 1868 M 8.8 rupture was partly filled by 
the 2001 M8.4 Arequipa earthquake. Coupling models’ indicate that 
strain accumulation may remain to the southeast of the Arequipa event, 
towards the northernmost edge of the 2014 rupture in Chile (a section 
~200 km long). However, within that zone adjacent to Arica, at the pro- 
nounced bend in the subduction zone and Peru-Chile Trench, coupling 
is low and may not support throughgoing rupture. 

The National Earthquake Information Center (NEIC) and Centro 
Sismoldgico Nacional (CSN) W-phase centroid moment tensor (CMT) 
solutions for the 1 April 2014 earthquake align with the slab interface’ 
and indicate a seismic moment of (1.00-2.35) X 107! N m (M,, = 8.07- 
8.18). Our finite fault solution’* (Methods and Fig. 2) describes a rup- 
ture area in the deeper portion of the seismogenic zone, with a peak slip 
of ~8 m to the southeast of the hypocentre at depths of ~30-40 km. 
Shallower slip to the north is not well resolved but may account for the 
generation of a local tsunami. Slip extended only ~50 km along the inter- 
face from the hypocentre, a very compact rupture area for an earth- 
quake of this size’*. The location of peak slip in this model is consistent 
with W-phase CMT inversions (Extended Data Fig. 1), slab geometry 
(Extended Data Fig. 2) and the centroid location of an updated CMT 
(Methods). 

This model also matches inversions of regional geodetic data (Methods 
and Extended Data Fig. 3), which do not uniquely resolve slip up-dip of 
the hypocentre but place strong constraints on the location and extent 
of slip between the hypocentre and the coast, and on its down-dip edge. 
Geodetic models show that slip during the mainshock ended west of the 
coastline, in agreement with (perhaps slightly up-dip of) seismic models. 
Tsunami models’® place better constraint on shallow slip, and show little 
motion up-dip and west of the hypocentre. 

Earthquakes in this sequence were relocated by using a multiple-event, 
hypocentroidal decomposition” algorithm, using seismic phase data from 
local, regional and global stations. This allows us to interpret locations 
within a consistent, regionally anchored and absolute framework”"’. 
Beginning on 16 March with a M 6.7 earthquake, the foreshock sequence 
generated more than 80 M =4 earthquakes (Fig. 2), showing a north- 
ward migration towards the epicentre of the 1 April M 8.2 event (Extended 
Data Fig. 4). Over the following week, the NEIC recorded 140 M =4 after- 
shocks, including a M 7.7 event on 3 April, 27 h after the mainshock. 


1National Earthquake Information Center, United States Geological Survey, Golden, Colorado 80401, USA. Department of Geosciences, Pennsylvania State University, University Park, Pennsylvania 16802, 
USA.°Centro Sismoldégico Nacional, Universidad de Chile, Blanco Encalada 2002, Santiago 8370449, Chile. *Global Seismological Services, Golden, Colorado 80401, USA. °Canada Centre for Mapping and 


Earth Observation, Natural Resources Canada, Ottawa, Ontario KIA OE4, Canada. 
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Figure 1 | Tectonic setting of 2014 Iquique earthquake sequence. Rupture 
areas of large historical earthquakes are indicated by grey (modelled) and white 
(estimated) outlines. Relocated 2014 earthquakes are shown by colour: 
foreshocks in red; those between the mainshock (largest orange circle) on 

1 April 2014 and the largest aftershock (M 7.7) on 3 April in orange; and more 
recent events in yellow. Rupture areas of the M 8.2 and M7.7 events are 
coloured and contoured at 2.0-m intervals. The extent of the northern Chile 
seismic gap is indicated with arrows. Bathymetric data are taken from the 
GEBCO_08 grid*®. 


Between the mainshock and this largest aftershock, earthquake loca- 
tions migrated southwards, towards the epicentre of the M 7.7 event. 
Since then, aftershocks have been scattered up-dip of the rupture areas 
of the two largest events. 

Analyses of regional moment tensors’? (RMTs; Methods) of fore- 
shocks indicate that many represent thrust faulting on or near the plate 
interface (Fig. 2). However, about 20% have well-constrained depths too 
shallow to involve interface slip, have focal mechanisms inconsistent 
with thrust faulting, or have nodal planes severely rotated with respect 
to local slab structure. Although constraining the absolute depths of off- 
shore earthquakes in subduction zones is difficult, the spread of solu- 
tions (which are all subject to similar uncertainties) and the systematic 
rotation of many mechanisms with respect to slab geometry indicate 
that upper plate faulting was involved in the foreshock sequence. This 
is particularly true of the M 6.7 event on 16 March, whose depth (20 km, 
NEIC; 20.6 km, CSN; 12 km, global centroid moment tensor project 
(global CMT)”; 15.5 km, NEIC W-phase) is substantially shallower 
than the slab, and whose shallow nodal plane is rotated 60° (global CMT; 
CSN W-phase) to 70° (NEIC W-phase) anticlockwise with respect to 
the slab, perhaps indicating that this foreshock occurred above the plate 
interface along a splay fault. Aftershock RMTs show that the vast majority 
occurred along the megathrust interface (Fig. 2), surrounding regions 
of largest co-seismic slip. The M 7.7 aftershock ruptured a compact por- 
tion of the seismogenic zone ~50 km south and directly along strike 
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Figure 2 | Source processes of events in the March-April 2014 Iquique 
earthquake sequence. RMTs of relocated earthquakes in this sequence are 
shown and coloured by their location with respect to the slab interface; those 
interpreted as upper plate events are green, lower plate earthquakes are blue, 
and interplate events are red. Earthquakes are overlain on the preferred 
fault-slip models for the M 8.2 and M7.7 events (hypocentres are shown with 
stars), with 2-m contour intervals. Dot-dashed lines in the background are slab 
contours", plotted every 10 km. 


from the mainshock asperity. Almost all 2014 events have been located 
up-dip of the rupture zones of the two biggest quakes. 

Recent megathrust earthquake sequences (see, for example, refs 21, 22) 
have demonstrated the need for integrative real-time monitoring and 
assessments that map seismic cycles into models of strain accumulation 
near the source regions of large earthquakes. The Iquique sequence is an 
ideal case study involving the integration of geodetic, geodynamic and 
seismological constraints to improve the quantification and assessment 
ofan earthquake sequence as it evolves. Organizing seismotectonic infor- 
mation for major global plate boundaries””’ is crucial for understanding 
the spectrum of expected behaviour ofa fault zone after a major event has 
occurred (and indeed beforehand), and is the foundation of any frame- 
work for better communication of time-dependent earthquake hazards 
to affected communities”. 

To understand the scale of this earthquake in the context of the Chil- 
ean subduction zone, it is useful to compare the Iquique sequence with 
the 2010 M 8.8 Maule earthquake’, the Chilean margin’s last great mega- 
thrust event. Although both occurred in recognized seismic gaps, their 
evolution, behaviour and characteristics were quite different (Extended 
Data Fig. 4). In contrast to Iquique, Maule did not have any recognized 
foreshocks. Its mainshock nucleated in the middle of the South Central 
Chile Seismic Gap! and ruptured bilaterally beyond the extent of the gap 
into the 1985 M 8.0 and 1960 M 9.5 rupture zones to the north and south, 
respectively. The Iquique earthquake nucleated within the Northern Chile 
Seismic Gap, but in a region that had slipped more recently than much of 
the gap, and it ruptured an area much shorter than the gap’s recognized 
extent**"'°, Over the two months surrounding the Maule mainshock, 
earthquakes demonstrated a typical Gutenberg—Richter relationship, with 
a bvalue of ~0.85 (Extended Data Fig. 4). The Iquique sequence, on the 
other hand, is deficient in moderate-to-large events (b ~ 0.73, in contrast 
with b ~ 1.02 over the preceding year). Co-seismic’ and post-seismic”® 
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Figure 4 | Moment deficit along the northern Chile subduction zone. 
Moment calculated for historical seismicity from the USGS Combined 
Catalog” since 1900, resolved as moment per kilometre along strike. For each 
earthquake, moment is divided evenly over the length of the rupture, calculated 
using empirical relations’. For the largest earthquakes (M >7.5), more 


LETTER 


Figure 3 | Coulomb failure (ACES) stress changes for foreshocks and 
aftershocks. ACFS is resolved onto the subduction zone interface'* 1 day 
before the mainshock (a) and after the largest aftershock (b). Earthquakes are 
coloured by the local ACFS resulting from previous earthquakes, at their time of 
occurrence; light grey symbols indicate negative stress changes, and dark 
grey symbols, positive. The slip models of the mainshock and the M 7.7 
aftershock are shown with white contours (1 m intervals). The dashed box 

in b represents the spatial extent of the region in a. 


slip during the Maule sequence indicated rupture of most of the seis- 
mogenic zone, resulting in aftershock mechanisms that spanned a broad 
range of the faulting spectrum (Extended Data Fig. 4). In contrast, the 
Iquique sequence has not elicited a clear upper plate or outer rise response. 
Future studies of regional GPS data”’ may reveal the extent of post-seismic 
interface slip and its relation to the 2014 Iquique sequence. 

Wecan use Coulomb failure stress (ACES) analysis”* to assess whether 
the 2014 Iquique earthquake sequence followed a spatial and temporal 
migration pattern dictated by the stress changes caused by previous 
earthquakes. ACFS calculations (Fig. 3) show that 18 of the 20 foreshocks 
with associated RMTs ruptured the megathrust interface where it had 
been positively stressed by previous events, and loaded the hypocentral 
region of the subsequent M 8.2 event by 0.04 MPa. It thus seems that 
the northward migration of foreshocks responded to cascading ACFS, 
ultimately leading to the mainshock. The hypocentral region of the M 7.7 
aftershock was loaded 0.25 MPa by the mainshock and the first 27 h of 
aftershocks. Aftershocks have generally nucleated in areas of increased 
ACES, surrounding the main slip patches of the largest events. Overall, 
the hypocentres of ~70% of relocated aftershocks (94 of 138 events) 
occurred in areas of positive ACFS. If uncertainties in relocated hypocentres 
(+2-3 km) are considered (Fig. 3), more than 80% of aftershocks occurred 
in regions of positive ACES, lending support to the real-time use of ACFS 
modelling as earthquake sequences unfold to aid in anticipating likely 
locations for subsequent events. 

Analysis of moment accumulation and release along the plate margin 
(Fig. 4) shows that the main asperity ruptured in the M 8.2 earthquake 
partly filled a historical gap in moment relative to adjacent sections of 
the arc. The March 2014 foreshocks began near the northern extent of 
the 1933 event, and moved northwards. Despite surrounding regions 
of larger moment deficit, the southern portion of the M 8.2 and the M 7.7 
aftershock ruptured approximately the same region as the 1933 event. 
Moment from both large 2014 earthquakes, and from all historical events, 
falls off rapidly to the south between 20° S and 21° S; here, a 50-80-km 
section of arc has seen little to no seismic activity over the past century 
or more, until the northern extent of the 1967 M 7.4 earthquake is reached. 
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accurate rupture areas are used*. Red shows moment for historical earthquakes; 
blue for 2014 seismicity (dark blue up to 3 April 2014; light blue since then); 
green represents all summed moment. Horizontal dashed lines represent 
moment accumulation levels given constant coupling percentages of 50%, 75% 
and 100%. 
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Continuing south, parts of the seismogenic zone have been ruptured by 
this 1967 event and the 2007 M 7.7 Tocopilla earthquake, although much 
of the shallow portion of the subduction zone here has remained unrup- 
tured since at least 1877. 

These analyses imply that there is cause for concern for one or more 
further megathrust earthquakes in northern Chile. Large earthquakes 
since 1877, in 1967 and 2007 in the south, and now with this 2014 sequence 
in the north, have combined to rupture a fraction of the Northern Chile 
Seismic Gap, only partly releasing accumulated strain (Fig. 4). The highly 
coupled section of the subduction zone ~50-80 km to the south of the 
2014 events, and the moderately coupled interface for a similar distance 
to the north, have been positively stressed by the 2014 Iquique sequence 
(Fig. 3). Neither section has hosted significant events in almost 150 years. 
Given that earthquakes in this subduction zone have occurred in response 
to stress transfer in the past, there is now an increased probability of 
megathrust earthquakes occurring to the south or north of the April 
2014 events in the future. 

Comparisons between the 2014 Iquique and 2010 Maule sequences 
highlight the broad range of seismotectonic behaviour that is possible 
along the same subduction zone, leading up to and in response to mega- 
thrust ruptures. Until we understand these differences, our ability to 
accurately predict the future behaviour of surrounding megathrust 
regions” will remain elusive. Nevertheless, it is likely that the subduc- 
tion zone to the south of the March-April 2014 events, between Iquique 
and Antofagasta, will host great-sized megathrust events in the future. 
A smaller section to the north, towards Arica, may also be capable of 
hosting a M =8 event. Chilean and global seismologists now face the 
difficult task of communicating this uncertain yet perhaps elevated 
hazard, without appearing alarmist. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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On 1 April 2014, Northern Chile was struck by a magnitude 8.1 earth- 
quake following a protracted series of foreshocks. The Integrated Plate 
Boundary Observatory Chile monitored the entire sequence of events, 
providing unprecedented resolution of the build-up to the main event 
and its rupture evolution. Here we show that the Iquique earthquake 
broke a central fraction of the so-called northern Chile seismic gap, 
the last major segment of the South American plate boundary that 
had not ruptured in the past century’. Since July 2013 three seismic 
clusters, each lasting a few weeks, hit this part of the plate boundary 
with earthquakes of increasing peak magnitudes. Starting with the 
second cluster, geodetic observations show surface displacements that 
can be associated with slip on the plate interface. These seismic clus- 
ters and their slip transients occupied a part of the plate interface that 
was transitional between a fully locked and a creeping portion. Leading 
up to this earthquake, the b value of the foreshocks gradually decreased 
during the years before the earthquake, reversing its trend a few days 
before the Iquique earthquake. The mainshock finally nucleated at 
the northern end of the foreshock area, which skirted a locked patch, 
and ruptured mainly downdip towards higher locking. Peak slip was 
attained immediately downdip of the foreshock region and at the mar- 
gin of the locked patch. We conclude that gradual weakening of the 
central part of the seismic gap accentuated by the foreshock activity 
in a zone of intermediate seismic coupling was instrumental in caus- 
ing final failure, distinguishing the Iquique earthquake from most 
great earthquakes. Finally, only one-third of the gap was broken and 
the remaining locked segments now pose a significant, increased seis- 
mic hazard with the potential to host an earthquake with a magnitude 
of >8.5. 

The northern Chile-southern Peru seismic gap last broke in 1877 in 
a great earthquake (M,, ~8.8)’ that ruptured from south of Arica to the 
Mgjillones peninsula (see Fig. 1). The reported historical recurrence inter- 
val for the past 500 years in this region has been estimated at 111 + 33 
years’, making it probably the most mature seismic gap along the South 
American plate boundary. In the past two decades the two adjoining 
segments south and north broke in the M,, 8.1 Antofagasta earthquake 
of 1995 (refs 3, 4) and the M,, 8.4 Arequipa earthquake of 2001 in south- 
ern Peru’. In the previous cycle the southern Peru and northern Chile 
segments broke within few years (Fig. 1), suggesting that they might be 
coupled in time’. The imminence of a large megathrust event in this 
region motivated the setting up of an international monitoring effort 
with the Integrated Plate Boundary Observatory Chile (IPOC). Having 
started in 2007, there now exists an exceptional database that monitors 
the gradual plate boundary failure with various geophysical techniques. 

Several major earthquakes (M, >7) have occurred in this gap since 
1850 (Fig. 1); the largest until now was the M,, 7.7 Tocopilla earthquake 
in 2007, which broke the southern rim of this segment beneath and north 
of Mejillones peninsula along a total length of 150 km. Only the down- 
dip end of the locked zone slipped in this event, and the total slip in the 


rupture area was less than 2.6 m (refs 6, 7) leaving most of the past slip 
deficit of ~8—9 m accumulated since 1877 unaffected®. On 1 April 2014, 
the M,, 8.1 Iquique earthquake north of Iquique struck the central por- 
tion of the gap. Using seismological and geodetic observations we here 
analyse the rupture, its relationship to previous locking of the plate inter- 
face, and the pre-seismic transients leading up to the earthquake. 
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Figure 1 | Map of Northern Chile and Southern Peru showing historical 
earthquakes and instrumentally recorded megathrust ruptures. IPOC 
instruments used in the present study (BB, broadband; SM, strong motion) are 
shown as blue symbols. Left: historical’? and instrumental earthquake record. 
Centre: rupture length was calculated using the regression suggested in ref. 28, 
with grey lines for earthquakes M >7 and red lines for My >8. The slip 
distribution of the 2014 Iquique event and its largest aftershock derived in this 
study are colour coded, with contour intervals of 0.5 m. The green and black 
vectors are the observed and modelled horizontal surface displacements of the 
mainshock. The slip areas of the most recent other large ruptures*”” are also 
plotted. Right: moment deficit per kilometre along strike left along the plate 
boundary after the Iquique event for moment accumulated since 1877, 
assuming current locking (Fig. 3a). The total accumulated moment since 1877 
from 17° S to 25°S (red solid line) is 8.97; the remaining moment after 
subtracting all earthquake events with M,, >7 (grey dotted line) is 8.91 for the 
entire northern Chile-southern Peru seismic gap. 
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Kinematic analysis of the M,, 8.1 Iquique rupture makes use of two 
complementary approaches. First, we performed waveform modelling of 
local strong motion seismograms and teleseismic body waves to constrain 
the kinematic development of the rupture towards the final displacement 
in a joint inversion with continuous GPS data of static displacements 
(Figs 1 and 2a). Second, we used the backprojection technique applied 
to stations in North America to map the radiation of high-frequency seis- 
mic waves (HFSR; 1-4 Hz)’”°. The latter technique is not sensitive to abso- 
lute slip amplitudes, but rather to changes in slip and rupture velocity. 
During the first 35-40 s the rupture propagated downdip with increas- 
ing velocity, nearly reaching the coastline (Fig. 2a, b). Towards the end 
of the rupture, the area near the epicentre was reactivated. In spite of 
the relatively complicated kinematic history of the rupture, the cumu- 
lative slip shows a simple ‘bullseye’ pattern with a peak co-seismic slip 
of about 4.4 m (Fig. 1), consistent with the slip model in ref. 11 based 
on teleseismic and deep-water tsunami wave recordings. A slip patch of 
similar size and magnitude has been found” but with the highest slip 
placed ~40 km further south from teleseismic-only recordings; how- 
ever, this seems not to be compatible with onshore displacement mea- 
surements from GPS. The largest aftershock so far was the M,, 7.6 event 
of 3 April that, like the mainshock, ruptured initially downdip. Rupture 
then propagated northeastwards, attaining a peak slip of 1.2 m after about 
20s. Both earthquakes broke a total of 200 km of the margin. 

The Iquique rupture affected an area shown from geodetic analysis 
to be a zone of intermediate interseismic coupling at 18.5°-21° S inter- 
rupting the otherwise fully locked northern Chile-southern Peru gap*”” 
(Fig. 3a). The Iquique mainshock nucleated at the northwestern border 
of a locked patch and ruptured towards its centre (Figs 2a and 3a). The 
downdip end of the mainshock and for the large M,, 7.6 aftershock rupture 


mapped by both the HFSR and co-seismic slip agrees quite accurately 
with the downdip end interseismic coupling (Figs 2a, c and 3a). The 
accelerated downdip rupture propagation for both earthquakes closely 
followed the gradient towards higher locking. The Iquique event and 
its largest aftershock therefore seem to have broken the central, only partly 
locked segment of the northern Chile-southern Peru seismic gap, releas- 
ing part of the slip deficit accumulated here since 1877 (compare Fig. 1). 

The seismicity before the Iquique earthquake also concentrated in this 
zone of intermediate locking at the fringe of the highly locked, high-slip 
patch (Fig. 3a). Starting in July 2013, three foreshock clusters with increas- 
ingly larger peak magnitudes and cumulative seismic moment occurred 
here (Figs 2c and 3a, c). The mainshock rupture started at the northern 
end of the foreshock zone, inside the region of intermediate locking 
(Figs 2c and 3a). The second foreshock cluster (January 2014) is associ- 
ated with a weak transient deformation, whereas the third cluster (March 
2014) shows a very distinct transient signal. GPS displacement vectors 
calculated over the times spanning these foreshock clusters point towards 
the cluster epicentres (Extended Data Fig. 4). Deformation for both tran- 
sients is entirely explained by the cumulative co-seismic displacement of 
the respective foreshock clusters (Fig. 3d inset and Extended Data Fig. 4). 
The area affected by the foreshocks is then reactivated by the aftershock 
sequence of the Iquique earthquake (Fig. 2c). Comparing this with the 
long-term deformation history of the margin, we found that the same 
area shows a high gradient of locking from weakly locked updip to fully 
locked downdip (Fig. 3a). 

Additionally, the analysis of the frequency-magnitude distribution of 
the foreshocks reveals outstanding characteristics in both the spatial and 
temporal vicinities of the rupture. The earthquake number Nas a function 
of the magnitude M is found to follow the well-known Gutenberg-Richter 
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Figure 2 | Kinematic rupture development of the M,,8.1 main and M, 7.6 
aftershock and the distribution of foreshocks and aftershocks. The 
nucleation point of each earthquake rupture is indicated by a coloured star. 
a, Arrows indicate the propagation of main energy release during the first 40 
and 25s for mainshock and aftershock, respectively. The contour lines 
represent isolines of slip rate for the mainshock from the kinematic inversion 
during different time intervals after rupture nucleation (0.05 ms’ * intervals, 
line thickness scaled by slip-rate). Coloured diamonds represent maxima of 
semblance scaled to the peak value of the emitted energy for mainshock and 
aftershock for each time step based on the backprojection of teleseismic 
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71 -70 


Longitude 


waveforms. b, Moment rate and time history of backprojected energy (arbitrary 
absolute scale). Black solid line, mainshock kinematic source-time-function; 
red dashed line, rescaled backprojection energy. c, Map (top) and longitudinal 
cross-section (bottom) of ~3,600 foreshocks and ~1,400 aftershocks coloured 
according to their time of occurrence relative to the mainshock. The slips of 
the mainshock and largest aftershock are contoured. The beachball depicts the 
double-couple of the largest M,, 6.7 foreshock that had a rupture geometry 
distinctively different from the mainshock and largest aftershock (Fig. 1) anda 
centroid depth of only 9 km (blue star) and that thus probably occurred in the 
upper plate. 
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Figure 3 | Maps of interseismic locking and bvalue, and time history of 
seismicity and deformation. a, Geodetic interseismic locking and foreshocks. 
The July-August 2013, January and March 2014 foreshock clusters are marked. 
b, b-value map of the central portion of northern Chile gap for the last 2000 
days before the mainshock, where results are calculated for all M =3 foreshocks 
within 50 km if their number exceeds 100. The rectangular box encloses the area 
used for the results in c-e. c, Magnitude-time plot. Arrows mark the July- 
August 2013, January and March 2014 clusters. d, Observed (black thick line) 
and ETAS-modelled (red line) cumulative M =3 activity; the thin coloured 


relation, N~ 10°. b values have been proposed to act as a stress sensor, 
with low b values indicating high stresses’*. Mapping the b value in Fig. 3b 
indicates significantly lower b values in the source area than in all other 
regions where the b value can be resolved. A gradual decrease in the b value 
from about 0.75 to below 0.6 is observed in the source region within the 
three years before the Iquique earthquake (Fig. 3e). This only reverses 
within the last days of the foreshock sequence. Similar decreases in b values 
before large megathrust earthquakes have recently been documented, 
in particular for the M9 Tohoku event”. 

To reveal potential changes of background seismic activity related to 
aseismic processes, we fit the foreshock seismicity by means of an Epidemic- 
Type-Aftershock-Sequence (ETAS) model"’, identifying only 42% of 
pre-mainshock events as Omori-type aftershocks triggered by larger fore- 
shocks. Using the Akaike information criterion’’, the remaining back- 
ground rate is found to be significantly time dependent: we identified 
four subsequent periods of almost constant background rates (Fig. 3d, e). 
The mainshock preparation process seems to have been initiated by a 
relative seismic quiescence, which starts at the same time as b values are 
found to drop and ends in July 2013, when the background rate returns 
to approximately the pre-quiescence values; the final phase starts 18 days 
before the quake, when the background seismicity increases more than 
35-fold in conjunction with the onset of the final transient GPS signal. 

Such a sequence of seismic quiescence, recovery and acceleration of 
background activity is expected in the stress accumulation framework’’. 
On the basis of the inverted ETAS parameters and the low b values before 
the mainshock, the seismicity is expected to accelerate with time as the 
result ofa branching ratio—that is, the average number of daughter events 
per earthquake—larger than one indicating a transient supercritical state”. 
Hence, the period leading to the Iquique earthquake documents progres- 
sive asperity failure, here observed in unprecedented detail. An increase 
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lines are fits of the estimated background (grey shaded area) for the four phases, 
during each of which the background rate is almost constant (see the text). 
The inset shows measured GPS displacement time-series stacked from 
near-coast stations between 19° S and 21° S smoothed with a four-day moving 
average and the modelled signal related to cumulative slip of the foreshock 
events. e, Time series of b value (means + s.d.) for the events inside the box 
(coloured and grey shaded area). Black points and bars refer to the results for 
the events outside the box. 


in foreshock activity preceding subduction megathrust events has repeat- 
edly been reported’*”*”". In contrast to, for example, the foreshocks of 
the 2011 M 9 Tohoku-Oki earthquake”, which started about three weeks 
before the mainshock, the foreshock clusters described here have been 
active since the start of our observations in 2007. However, only more 
recently have foreshocks with increasing magnitudes and thus more 
fertile aftershock sequences resulted in a supercritical state with self- 
accelerating seismicity’’. This ultimately allowed an earthquake to nucle- 
ate that was strong enough to break into the stronger locked and thus 
aseismic part of the interface. From the spatial correlation of foreshock 
activity and slip gradients with the Iquique mainshock rupture region, 
we infer gradual unlocking of the plate interface. Moreover, the start of 
the decrease in b value ~3 years ago, in spite of constant plate conver- 
gence and loading rate, indicates a physical change at the plate interface. 
From only intermediate locking the Iquique segment seems to have been 
dominated by mostly smaller locked asperities embedded in a condition- 
ally stable environment, if we assume that rate and state frictional beha- 
viour is controlling locking and creep”. Progressive rupturing of the 
smaller asperities by foreshocks will have loaded the remaining larger 
asperities in this zone until their failure: this evolution may be seen as 
the culmination ofa runaway process as the likely key mechanism lead- 
ing up to the Iquique earthquake. Both the rupture direction and speed 
of the mainshock and its triggered large aftershock are controlled by 
the stress gradient in the remaining asperities, corroborating theoretical 
analysis”. This indicates that not only the size of larger asperities but also 
their stress topography is important for understanding the propagation, 
acceleration and stopping of megathrust earthquakes. The Iquique event 
broke a region of heterogeneous coupling, where rupture not only broke 
a moderate-sized asperity but also penetrated into a weakly coupled zone, 
possibly by dynamic weakening”. 
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Earthquake swarms occur preferentially in regions of low interseis- 
mic strain accumulation, which tend to delimit subsequent ruptures of 
plate interface zones”’. The M,, 7.7 Tocopilla earthquake with its after- 
shocks and the M,, 8.1 Iquique earthquake with its foreshocks might be 
considered similar features. They embrace the rims of a highly locked 
zone 250 km long in the centre of the northern Chile-southern Peru gap 
with an accumulated slip deficit® of some 8-9 m since 1877. Estimating 
the moment deficit for the entire seismic gap yields the potential for 
an earthquake with a maximum magnitude of M,, ~8.9 (Fig. 1) for the 
historically less likely case that the entire zone fails in a single event. How- 
ever, the reduction of the slip deficit by about 50% in the Iquique earth- 
quake area (Fig. 1) decreases the probability that a future earthquake 
will release the whole remaining slip deficit at once. As the slip deficit 
reduction is only partial, though, this region will not necessarily act as 
a barrier: the seismic potential of this area remains high. 
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The origin and radiation of mammals are key events in the history 
of life, with fossils placing the origin at 220 million years ago, in the 
Late Triassic period’. The earliest mammals, representing the first 
50 million years of their evolution and including the most basal taxa, 
are widely considered to be generalized insectivores’”. This implies 
that the first phase of the mammalian radiation—associated with 
the appearance in the fossil record of important innovations such as 
heterodont dentition, diphyodonty and the dentary-squamosal jaw 
joint'*—was decoupled from ecomorphological diversification”. Finds 
of exceptionally complete specimens of later Mesozoic mammals have 
revealed greater ecomorphological diversity than previously suspected, 
including adaptations for swimming, burrowing, digging and even 
gliding”, but such well-preserved fossils of earlier mammals do 
not exist’, and robust analysis of their ecomorphological diversity 
has previously been lacking. Here we present the results of an inte- 
grated analysis, using synchrotron X-ray tomography and analyses 
of biomechanics, finite element models and tooth microwear tex- 
tures. We find significant differences in function and dietary ecology 
between two of the earliest mammaliaform taxa, Morganucodonand 
Kuehneotherium—taxa that are central to the debate on mammalian 
evolution. Morganucodon possessed comparatively more forceful and 
robust jaws and consumed ‘harder’ prey, comparable to extant small- 
bodied mammals that eat considerable amounts of coleopterans. 
Kuehneotherium ingested a diet comparable to extant mixed fee- 
ders and specialists on ‘soft’ prey such as lepidopterans. Our results 
reveal previously hidden trophic specialization at the base of the mam- 
malian radiation; hence even the earliest mammaliaforms were begin- 
ning to diversify—morphologically, functionally and ecologically. In 
contrast to the prevailing view’, this pattern suggests that lineage 
splitting during the earliest stages of mammalian evolution was asso- 
ciated with ecomorphological specialization and niche partitioning. 

Recently, much progress has been made in understanding the pattern 
and timing of the radiation of mammals’’, revealing successive waves of 
taxonomic and ecomorphological diversification in Middle-Late Jurassic 
to Palaeogene stem clades and crown groups”'®"’. However, understand- 
ing of early mammaliaforms and the initial radiation of mammals has 
lagged behind. Here we address this problem by testing the hypothe- 
sis that two of the earliest and most basal mammaliaforms were eco- 
morphologically distinct. Morganucodon watsoni? and Kuehneotherium 
praecursoris’’ are central to the debate on mammalian origins and are of 
fundamental phylogenetic importance (Extended Data Fig. 1). Morga- 
nucodon is one of the earliest (Late Triassic to Early Jurassic) and best- 
known Mesozoic mammals, with a global distribution; Kuehneotherium 
is ofa similar age and size’’*”*. Both taxa are thought to be generalized 
insectivores' and co-existed (see Supplementary Information for discus- 
sion of sympatry) ona small landmass present during the Early Jurassic 
marine transgression (Hettangian—Early Sinemurian, about 200 Myr ago), 
in what is now Glamorgan, South Wales, UK"? (Extended Data Fig. 2). 
In addition to the apomorphic mammalian jaw joint, both taxa retain the 


plesiomorphic articular—quadrate jaw joint, as indicated by a well-developed 
postdentary trough (Fig. 1a, b), thus indicating that the postdentary bones 
still functioned as part of the jaw joint, rather than being incorporated 
into a definitive mammalian middle ear as in modern mammals!*'*"* 
(sensu ref. 15). Curiously, Kuehneotherium possesses advanced molars, 
with cusps arranged in an obtuse-triangle pattern'*”° (Extended Data 
Fig. 3b). 

We tested hypotheses of functional and dietary specialization in these 
early mammaliaforms by generating digital mandibular reconstructions, 
and applying a suite of techniques: classical mechanics, finite element 
modelling and quantitative textural analysis of tooth microwear. The 
mandible is a good choice for study of feeding adaptations as it is pri- 
marily adapted for biting, and is not constrained by sensory systems such 
as eye or brain size’’. Our null hypothesis was that functional perfor- 
mance did not differ between the two taxa. 

Applying classical mechanics, we calculated the mechanical advan- 
tage for mid-molar, premolar and canine bites, reflecting the efficiency 
of the jaw system at transmitting force from the adductor muscles to the 
bite point. This revealed that Morganucodon has a notably larger mechan- 
ical advantage than Kuehneotherium (almost 50% greater during mid- 
molar biting) (Table 1), indicating that the mandible of Morganucodon 
had the potential to generate much larger bite forces than Kuehneotherium, 
and implying that Kuehneotherium bites were potentially faster but less 
forceful. We also determined jaw strength in bending and torsion dur- 
ing biting, treating the mandibular corpus as a beam"*. The pattern of 
bending strength reveals a very different profile between the two taxa 
(Fig. 1c, d). Morganucodon shows peak resistance to bending at the rear 
of the tooth rowas might be expected, as this region serves as a structural 
linkage between the tooth row and posterior functional elements of the 
jaw, such as the jaw joint and muscles’’. However, Kuehneotherium shows 
peak resistance in the region of the anterior molars. Resistance to tor- 
sion (J) shows similar patterns (Fig. le, f). This different biomechanical 
profile in Kuehneotherium may reflect the importance of resisting bend- 
ing in the central tooth row, to maintain the sharp bladed triangulated 
molars in precise occlusion’’. 

Finite element analysis allowed us to calculate stress, strain and defor- 
mation to assess the mechanical behaviour of the jaws”°. This analysis 
can provide informative comparative data in the absence of known input 
parameters’’ and as such the two taxa were loaded with equal adductor 
muscle forces and constrained at the jaw joint and bite points (Extended 
Data Fig. 4). Finite element analysis shows that, during a simulated bite, 
despite similar length and surface area, the dentary of Kuehneotherium 
experiences greater maximum von Mises stress and maximum principal 
strain than Morganucodon, regardless of bite position, and higher reac- 
tion forces at the jaw joint, despite generating consistently less bite reac- 
tion force (Fig. 1g, h and Table 1). Kuehneotherium does not possess a 
robust condyle as in Morganucodon (Fig. 1a, b), further reducing its abil- 
ity to withstand high reaction forces at the jaw joint. We tested whether 
Morganucodon or Kuehneotherium could generate enough bite force to 
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Figure 1 | Digital reconstructions and biomechanical analyses of 
Morganucodon and Kuehneotherium jaws. a, b, Reconstructed left 
mandibles, medial view. Missing portions in grey. a, M. watsoni. 

b, K. praecursoris; dentition reconstructed from ref. 30. c, d, Section moduli 
(dorsoventral Z,, (blue) and mediolateral Z, (red), in cubic millimetres) for 
(c) Morganucodon and (d) Kuehneotherium. e, f, Polar moment of inertia (J) 
for (e) Morganucodon and (f) Kuehneotherium. g-i, Finite element von 
Mises stress contour plots for a unilateral molar bite (m2 for Morganucodon 
and m3 for Kuehneotherium) with closed jaw: g, Morganucodon and 

h, Kuehneotherium, with standard muscle loading; i, Kuehneotherium with 
muscle loading multiplied to give a bite reaction force of 2 N. Stress legend and 
contour plot scale apply to g-i. Single vertical arrows indicate tooth constraints; 
three grouped arrows indicate jaw joint constraints. (See Supplementary 
Information for links to scan data and finite element model images.) 


pierce ‘hard’ insect cuticle (where ‘hard’ and ‘soft’ refer to the ease with 
which prey is pierced and chewed”'). Estimation of bite force can cir- 
cumscribe the range of potential prey, providing a measure of feeding 
performance and ecological partitioning”. A variety of insect prey was 
available at the time: the Glamorgan fissures have yielded beetle remains™, 
and soft-bodied insects, such as scorpion flies, were well established in 
the Early Jurassic”’. (See Supplementary Information for discussion of 
potential prey.) A bite of 2 N is required to pierce the cuticle of a ‘hard’ 
insect (for example, a beetle) of appropriate prey size for Morganucodon 
or Kuehneotherium’*”’. For Morganucodon, a simulated 2 N bite at mid- 
molar m2 (see Methods) did not generate excessive stress in the jaw 
(maximum 54 MPa) (Fig. 1g). For Kuehneotherium, increasing muscle 
loadings (keeping the ratio of muscle recruitment intact), to simulate a 
bite of 2 N at mid-molar m3 (Fig. li), produced higher reaction forces 
at the dentary condyle (5.45 N compared with 2.38 N for Morganucodon), 
and maximum von Mises stress values up to 134 MPa, which is 2.5 times 
that of Morganucodon and close to the value of tensile stress failure for 
bone”. This suggests that Kuehneotherium was probably incapable of 
processing ‘hard’ cuticle, and further illustrates differences in the 
biomechanical performance of the jaws. Comparative biomechanical 
data therefore point to morphofunctional and dietary specialization in 
these two taxa. 

The hypothesis that Morganucodon and Kuehneotherium consumed 
different prey was independently tested by comparing their tooth microwear 


304 | NATURE | VOL 512 | 21 AUGUST 2014 


Table 1 | Biomechanical analysis results 


Morganucodon Kuehneotherium 
Mechanical advantage (three-dimensional) 
Canine bite 0.51 0.31 
Premolar bite 0.42 0.24 
Molar bite 035 0.18 
Maximum von Mises stress (MPa) 
Standard loading canine bite 66 O7 
Standard loading premolar bite 61 83 
Standard loading molar bite 54 i? 
Maximum principal strain (microstrain) 
Standard loading canine bite 3,840 5,800 
Standard loading premolar bite 3,540 5,020 
Standard loading molar bite 3,100 4,440 
Reaction forces (N) Jaw joint Bite Jaw joint Bite 
Standard loading canine bite 2.96 1.31 3.45 0.66 
Standard loading premolar bite 2.69 1.62 3.30 0.87 
Standard loading molar bite 2.38 2,00 3.12 1.14 
Comparative mechanical advantage, maximum von Mises stress values (in megapascals), maximum 
principal strain values and reaction forces (in newtons) for Morganucodon and Kuehneotherium 


dentaries. See Methods section for an explanation of the standard loading for muscles. These loads 
achieve a 2 N reaction bite force at the molar (m2) of Morganucodon, sufficient to pierce insect cuticle. 


textures with those of extant insectivores with known dietary preferences 
(specimens listed in Extended Data Table 1). Recent work on insecti- 
vorous bats has shown that microwear textural analysis based on three- 
dimensional roughness parameters discriminates between insectivore 
species that consume different proportions of ‘hard’ prey (such as beetles) 
and ‘soft’ prey (such as moths)”’, Bats provide a useful comparative data 
set for our work because of their well-studied dietary differences and sim- 
ilarity in size to Morganucodon and Kuehneotherium. We compared the 
fossil taxa with four species of bats: Plecotus auritus (brown long-eared 
bat; a specialist on ‘soft’ insects); Pipistrellus pipistrellus (common pip- 
istrelle) and Pipistrellus pygmaeus (soprano pipistrelle) (more mixed diet, 
both specialize on Diptera (flies), but P. pipistrellus consumes insects with 
a wider range of cuticle ‘hardness’ and more ‘hard’ prey than P. pygmaeus); 
and Rhinolophus ferrumequinum (greater horseshoe bat; mixed diet, 
but including more beetles—prey that is among the ‘hardest’ of insects) 
(see Extended Data Table 2 for dietary details). In the bats, nine roughness 
parameters differ significantly between species”, and principal compo- 
nent analysis (PCA) of these parameters (Fig. 2) separates bats accord- 
ing to dietary preferences in a space defined by principal component axes 
1 and 2 (together accounting for 88.3% of variance), with axis 1 strongly 
correlated with dietary preferences (r, = 0.81, P< 0.0001). Increasingly 
negative values indicate higher proportions of ‘hard’ prey, while increas- 
ing positive values indicate increasing proportions of ‘soft’ prey”’. 
Projecting data for Kuehneotherium and Morganucodon onto the axes 
resulting from the analysis of bats produces clear separation of the two 
taxa. Morganucodon has negative values for principal component 1 (PC1), 
overlapping and extending beyond values for R. ferrumequinum. Slightly 
rougher textures in Morganucodon suggest that it consumed a higher 
proportion of ‘hard’ prey. Most Kuehneotherium specimens have pos- 
itive values for PC1, overlapping the range of the ‘soft’ insect specialist 
Pl. auritus. Two specimens have negative PC1 values and plot into a 
space defined by the mixed-feeding Pipistrellus. Thirteen roughness para- 
meters from Morganucodon and Kuehneotherium are correlated with 
the bat dietary axis (PC1; Extended Data Tables 3-5), including nine of 
the ten parameters that in bats are correlated with diet”’, and values for 
PC] differ significantly between the two fossil species (F = 5.67; d.f. = 6, 
29; P = 0.0005). Pairwise tests (Tukey’s honestly significant difference; 
P< 0.05) indicate that microwear textures in Morganucodon and Kueh- 
neotherium differ from one another, yet Morganucodon does not differ 
from bats with mixed or ‘harder’ diets, and Kuehneotherium does not 
differ from the ‘soft’ insect specialist and mixed feeders. Kuehneotherium 
specimens from different fissure localities do not differ from one another 
(see Supplementary Information for specimen and fissure details). That 
Kuehneotherium and Morganucodon are so clearly separated by application 
of PCA based on extant bats with different diets provides powerful evi- 
dence that the two fossil taxa had diets that differed significantly in terms 
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Figure 2 | Quantitative textural analysis of microwear in bats and fossil 
mammaliaforms. a-d, Scale-limited roughness surfaces of Morganucodon 
(a; specimen 34), R. ferrumequinum (b; specimen 1), Kuehneotherium 

(c; specimen 24) and PI. auritus (d; specimen 12); 146 um X 110 1m; contour 
vertical scale in micrometres. e, PCA of International Organization for 
Standardization (ISO) roughness parameters from bats and mammaliaforms. 
PCA based on data for bats only, with Morganucodon (n = 5) and 
Kuehneotherium data (Pontalum 3 (P3) n = 5; Pant 5 fissure (P5) n = 6) 
projected onto the bat PCA axes. There are two anomalous specimens: a single 
Kuehneotherium specimen (29) has PC1 values similar to R. ferrumequinum, 
and one of the Morganucodon specimens (32) plots as an outlier to all other 
teeth analysed. 


of prey ‘hardness’, and provides independent validation of distinctive 
mechanical behaviour and function revealed through our standard beam 
analysis and finite element modelling. 

In summary, our analyses reveal previously hidden trophic diversity 
and niche partitioning at the base of the mammalian radiation, support- 
ing a hypothesis of coupled lineage splitting and ecomorphological adap- 
tation of the skull and jaws, even during the earliest stages of mammalian 
evolution. Our approach, combining biomechanical analyses with tooth 
microtextural validation of dietary differences, does not require excep- 
tionally preserved specimens, and is applicable to fragmentary fossil 
remains. As such, it has the potential to provide direct evidence of eco- 
morphology and adaptation through a range of vertebrate radiations, 
using the most commonly preserved fossil elements: teeth and jaws. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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The timing and spatiotemporal patterning of 
Neanderthal disappearance 
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The timing of Neanderthal disappearance and the extent to which they 
overlapped with the earliest incoming anatomically modern humans 
(AMHs) in Eurasia are key questions in palaeoanthropology’”. Deter- 
mining the spatiotemporal relationship between the two populations 
is crucial if we are to understand the processes, timing and reasons 
leading to the disappearance of Neanderthals and the likelihood of 
cultural and genetic exchange. Serious technical challenges, however, 
have hindered reliable dating of the period, as the radiocarbon method 
reaches its limit at ~50,000 years ago’. Here we apply improved accel- 
erator mass spectrometry '*C techniques to construct robust chro- 
nologies from 40 key Mousterian and Neanderthal archaeological 
sites, ranging from Russia to Spain. Bayesian age modelling was used 
to generate probability distribution functions to determine the latest 
appearance date. We show that the Mousterian ended by 41,030-39,260 
calibrated years BP (at 95.4% probability) across Europe. We also dem- 
onstrate that succeeding ‘transitional’ archaeological industries, one 
of which has been linked with Neanderthals (Chatelperronian)*, end 
at a similar time. Our data indicate that the disappearance of Nean- 
derthals occurred at different times in different regions. Comparing 
the data with results obtained from the earliest dated AMH sites in 
Europe, associated with the Uluzzian technocomplex’, allows us to 
quantify the temporal overlap between the two human groups. The 
results reveal a significant overlap of 2,600-5,400 years (at 95.4% prob- 
ability). This has important implications for models seeking to explain 
the cultural, technological and biological elements involved in the 
replacement of Neanderthals by AMHs. A mosaic of populations in 
Europe during the Middle to Upper Palaeolithic transition suggests 
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that there was ample time for the transmission of cultural and sym- 
bolic behaviours, as well as possible genetic exchanges, between the 
two groups. 

European Palaeolithic sites contain the best evidence for the replace- 
ment of one human group (Neanderthals) by another (AMHs)'. The 
nature and process of the replacement, both in cultural and genetic terms, 
has been the focus of extensive research’. Recent studies of complete 
Neanderthal and modern human genomic sequences suggest that Nean- 
derthals and AMHs interbred outside Africa’. This resulted in an intro- 
gression of 1.5-2.1% of Neanderthal-derived DNA’, or perhaps more’, 
in all modern non-African human populations. The analysis of three 
Neanderthal mitochondrial DNA (mtDNA) genomes from Denisova 
(Russian Altai), Vindija (Croatia) and Mezmaiskaya (Russian North Cau- 
casus) indicates that the greatest amount of gene flow into non-African 
AMHs occurred after these Neanderthal populations had separated from 
each other®. At present it is not clear whether interbreeding occurred once 
or several times outside Africa’, or where it happened. After the inter- 
breeding episode(s), Neanderthals and their distinctive material cul- 
ture disappeared and were replaced across Eurasia by AMHs, but the 
precise timing of this has remained difficult to identify in the absence of 
a reliable chronological framework’. 

Recent research has shown that radiocarbon ages have usually under- 
estimated the true age of Palaeolithic remains, sometimes by several 
millennia’. This is due largely to problems in removing young carbon 
contamination from old organic samples at the limit of the ‘*C method. 
The application of more rigorous chemical protocols’ has recently 
resulted in improved reliability and accuracy. Several determinations 
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that had previously supported late Neanderthal survival have been shown 
to be marked underestimates (for example, Vindija’*, Zafarraya’* and 
Mezmaiskaya'®) and should be set to one side. 

We performed extensive accelerator mass spectrometry (AMS) dat- 
ing of critical late or final Mousterian archaeological horizons from 40 
sites across Europe and the Mediterranean rim to explore the timing of 
Neanderthal extinction (Fig. laand Supplementary Methods). We also 
dated succeeding ‘transitional’ contexts, containing stone tool indus- 
tries associated either with AMHs or with Neanderthals. These include 
Uluzzian (distributed across peninsular Italy and southern Greece and 
attributed to AMHs on the basis of associated AMH deciduous teeth 
excavated in Cavallo Cave*) and Chatelperronian (France and Canta- 
brian Spain) layers, currently linked with Neanderthals on the basis of 
skeletal and technological evidence, although the association is debated’”"*. 
Other transitional industries, such as the Szeletian and Bohunician of 
central and eastern Europe have not been dated as part of this study, 
nor have sites outside Europe, such as in the far northern Arctic fringes 
of Eurasia, where late Mousterian industries have been reported”. 

We obtained 196 AMS radiocarbon measurements and used them to 
build high-precision age models using Bayesian statistics on the OxCal’° 
platform. This allows us to incorporate stratigraphic and other relative 
age information, along with the calibrated likelihoods for each site. Prob- 
ability distribution functions (PDFs) corresponding with the temporal 
boundaries of the latest Mousterian occupations were generated (Fig. 1b 
and Supplementary Methods). 


LETTER 


The results show that the Mousterian end boundary PDFs all fall before 
40,000 calibrated years (cal) Bp (all probability ranges are expressed at 
95.4%) (Fig. 1b). When placed into a single phase Bayesian model, the 
PDFs result in an overall end boundary ranging from 41,030-39,260 
cal Bp (Fig. lc and Supplementary Methods). This PDF represents the 
age of the latest European Mousterian on the basis of our data. 

The combined data suggest that the Mousterian ended at a very sim- 
ilar time, across sites ranging from the Black Sea and the Near East, to 
the Atlantic coast (Fig. 1a, b). Southern Iberia has been held to represent 
an exception to a wider European pattern”, with late survival of Nean- 
derthals previously argued at sites such as Gorham’s Cave, Gibraltar”. 
We could not reproduce any of the late dates from sites in this region’* 
(Supplementary Methods) and it is apparent that many previous deter- 
minations underestimate the real age. It is unclear how long Neander- 
thals persisted in southern Iberia’’. More dating evidence is required 
before we can determine whether Neanderthal presence was later here 
than elsewhere in Europe. 

Our data also reveal differences in the spatiotemporal distribution of 
the latest Mousterian sites (Fig. 1b). The PDFs obtained were statistically 
ordered and the results show that significant differences exist between 
several late Mousterian contexts in different regions of Europe (Sup- 
plementary Methods). This may be attributed to the emergence of ‘tran- 
sitional’ industries that replace the Mousterian between ~45,000-41,000 
cal BP in some, but not all regions. At Fumane in Italy, for example, the 
Mousterian is replaced by the Uluzzian at 44,800-43,950 cal Bp, while 
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Figure 1 | Site locations and final boundary age 
ranges for Mousterian and Neanderthal sites 

a, Location of the 40 sites analysed and discussed in 
this paper. 1: Gorham’s Cave; 2: Zafarraya; 3: El 
Nifio; 4: Sima de las Palomas; 5: El Salt; 6: 
Quebrada; 7: Jarama VI; 8-15: La Vifa, El Sidrén, 
~S La Giielga, Esquilleu, Morin, Arrillor, Labeko 
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Koba, Lezetxiki; 16: Abric Romani; 17: L’Arbreda; 
18-21: Pech de l’Azé, Le Moustier, La Ferrassie, 
La Chappelle; 22: La Quina; 23: Saint-Césaire; 

24: Les Cottés; 25: Arcy-sur-Cure; 26: Hyaena Den; 
27: Pin Hole; 28: Spy; 29: Grotte Walou; 30: Néron; 
31: Mandrin; 32: Bombrini/Mochi; 33: 
Geissenklésterle; 34: Fumane; 35: Castelcivita; 

36: Oscurusciuto; 37: Cavallo; 38: Lakonis; 39: Ksar 
Akil; 40: Mezmaiskaya. b, Bayesian PDFs for the 
model boundaries of the final dated Mousterian 
phases by site across Europe (generated using 
OxCal4.2 software” and INTCAL13 (ref. 29)). 
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Figure 2 | Transitional site locations and Bayesian age ranges for the 

start and end of the Chatelperronian and Uluzzian technocomplexes. 

a, Geographic distribution of Chatelperronian (red), Uluzzian (green) and 
Mousterian (blue) technocomplexes. Map is shown with sea level at —80m 
below the present day’. Dated ‘transitional’ industry site locations are shown. 
Sea-level template map prepared by M. Deves. b, Bayesian modelled PDFs 
for the start and end boundaries of the Chatelperronian and Uluzzian in 
western Europe. The Mousterian end boundary (Fig. 1c) is shown for 
comparison. The three end boundaries overlap, but the late Mousterian always 
predates the two transitional industries stratigraphically where they co-occur. 


at Mochi/Bombrini on the Italy-France border the Mousterian seems 
to last longer—until 41,460-40,500 cal Bp. In the latter region, the Auri- 
gnacian arrives after a hiatus and no transitional complexes are evident. 
Since both the Uluzzian and Aurignacian are linked to AMHs, this lends 
support to the idea of a staggered replacement of Neanderthals in Italy 
as they neared local extinction (Supplementary Methods). Other late 
Mousterian contexts in sites in northern Spain, such as Abric Romani 
and L’Arbreda, are also considerably later than Fumane, suggesting that 
the Mousterian ended at different times in some parts of Europe. 

The temporal range of the ‘transitional’ technocomplexes was also 
examined. With regard to the Chatelperronian, it is apparent on stra- 
tigraphic grounds that the Mousterian precedes it at all sites where both 
occur. However, our results show that the Chatelperronian at some sites 
(for example, Arcy-sur-Cure) starts statistically significantly before the 
end of the Mousterian at other sites in Europe such as Abric Romani 
and Geissenklésterle (Germany). If Neanderthals were responsible for 
both Mousterian and Chatelperronian, the implication is that there was 
considerable regional variation in their behaviour and adaptation stra- 
tegies during this transition period. Assuming that the Chatelperronian 
is associated with Neanderthals, we combined the end boundaries for 
both into a single-phase Bayesian model and obtained a final ‘Neander- 
thal’ end PDF of 40,890-39,220 cal pp. The result is indistinguishable 
from the final Mousterian PDF, showing that uncertainty over the author- 
ship of the Chatelperronian does not affect the age estimated for the last 
Neanderthals; they did not survive after ~41,000-39,000 cal Bp (Fig. 2b). 

By comparing the final Neanderthal PDF with those obtained for the 
start of the Uluzzian at the Cavallo site’, we can quantify the temporal 
overlap between Neanderthals and the earliest western European AMHs 
(Fig. 2b). The difference is significant and ranges from 2,600 to 5,400 
years at 95.4% probability. Coexistence has been linked previously with 
the possibility of cultural transmission from AMHs to Neanderthals, 
termed ‘acculturation’, as a means of accounting for late Neanderthal 
technical and behavioural development. The early presence of AMHs 
in Mediterranean Europe by ~45,000-43,000 cal Bp (ref. 23) and the 


Figure 3 | Time slices for western Europe 
between 45,000 and 40,000 cal sp showing the 
distribution of the Mousterian, Chatelperronian 
and Uluzzian modelled ages. The size of the dots 
represents increasing and decreasing levels of the 
95.4% probability ranges determined from the 
duration (date range) of each industry, as 
calculated by individual Bayesian site models 
(Supplementary Methods). Dots with two colours 
indicate overlapping date range probabilities for 
two industries found at the same site. 
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potential overlapping time may have acted as a stimulus for putative 
Neanderthal innovative and symbolic behaviour in the millennia before 
their disappearance. When we compare the start and end boundary PDFs 
for both Uluzzian and Chatelperronian sites we observe that they are 
very similar (Fig. 2b). This may provide further support for an accul- 
turation model. Alternatively, this similarity in the start dates of the 
two industries might be seen as reflecting an AMH authorship for both. 
If this were the case, then the distribution of early modern humans 
would be wider than expected. Since the physical evidence linking these 
industries to different human groups is scarce, these interpretations are 
potentially prone to change with new excavation data. 
High-precision chronometric data and Bayesian modelling allows 
us to map the spatiotemporal relationship between the three techno- 
complexes during the period ~45,000-41,000 cal Bp as a series of time 
slices (Fig. 3 and Supplementary Methods). Since there is little to no robust 
evidence for interstratification of the transitional industries within Mous- 
terian archaeological layers, we conclude that the chronological overlap 
observed must have also involved a degree of spatial separation between 
the two populations, regardless of whether Neanderthals were responsi- 
ble for the Chatelperronian or not. In turn, this suggests that the dispersal 
of early AMHs was initially geographically circumscribed, proceeding 
step-wise, with the Uluzzian first and the Aurignacian following a few 
millennia later. The transitional industries, including those not analysed 
here, may be broadly contemporaneous technocomplexes that remained 
spatially distinct from one another. Rather than a rapid model of replace- 
ment of autochthonous European Neanderthals by incoming AMHs, 
our results support a more complex picture, one characterized by a bio- 
logical and cultural mosaic that lasted for several thousand years. 


METHODS SUMMARY 


AMS radiocarbon dating was undertaken at the Oxford Radiocarbon Accelerator 
Unit, University of Oxford. Collagen was extracted using the methods outlined 
previously''”*. Shell samples were dated according to the protocol outlined previously”® 
An acid-base oxidation/stepped combustion (ABOx-SC) method was used for 
charcoal’*. Radiocarbon ages are given as conventional ages BP as described previously”. 
Corrections were made to bone collagen AMS determinations using a laboratory 
pre-treatment background subtraction”’. Bones analysed range from very well pre- 
served (a maximum of 14.9wt% collagen) to poorly preserved (a minimum of ~1.0wt% 
collagen). C:N atomic ratios and other analytical parameters were measured to deter- 
mine the quality of the extracted collagen. The IntCal13 and Marine13 (ref. 29) 
calibration curves and the OxCal4.2 (ref. 20) program were used in the calibration 
and Bayesian age modelling. Supplementary Methods contains details of the archae- 
ological sites investigated, the samples used, all determinations and the full Bayesian 
analysis. 
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Liquid water has been known to occur beneath the Antarctic ice sheet 
for more than 40 years’, but only recently have these subglacial aque- 
ous environments been recognized as microbial ecosystems that may 
influence biogeochemical transformations ona global scale**. Here 
we present the first geomicrobiological description of water and sur- 
ficial sediments obtained from direct sampling of a subglacial Ant- 
arctic lake. Subglacial Lake Whillans (SLW) lies beneath approximately 
800 m of ice on the lower portion of the Whillans Ice Stream (WIS) 
in West Antarctica and is part of an extensive and evolving subgla- 
cial drainage network’. The water column of SLW contained metabol- 
ically active microorganisms and was derived primarily from glacial 
ice melt with solute sources from lithogenic weathering and a minor 
seawater component. Heterotrophic and autotrophic production data 
together with small subunit ribosomal RNA gene sequencing and 
biogeochemical data indicate that SLW is a chemosynthetically driven 
ecosystem inhabited by a diverse assemblage of bacteria and archaea. 
Our results confirm that aquatic environments beneath the Antarctic 
ice sheet support viable microbial ecosystems, corroborating previous 
reports suggesting that they contain globally relevant pools of carbon 
and microbes” that can mobilize elements from the lithosphere’ and 
influence Southern Ocean geochemical and biological systems’. 

Almost 400 subglacial lakes have been identified beneath the Antarc- 
tic ice sheet®. Speculation on the presence of functional microbial ecosys- 
tems within these lakes followed their discovery’ and motivated the initial 
studies of samples originating from Subglacial Lake Vostok (SLV)”"°. 
However, the body of microbiological data from SLV has been a point 
of contention, primarily because all studies were based on analyses of 
frozen (that is, accreted) lake water samples recovered from a borehole 
containing a contaminated hydrocarbon drilling fluid’. Our report doc- 
uments the first analysis of water and surficial sediments collected directly 
from a subglacial lake beneath the West Antarctic ice sheet (WAIS) using 
microbiologically clean drilling and sampling techniques”’. 

The water residence time for SLV exceeds 10,000 years’’, while that 
for ‘active’ lakes such as SLW is on the order of years to decades**. SLW 
is part of a network of three major reservoirs beneath the lower ice plain 
of the WIS that regulate water transport to a subglacial estuary at the 
grounding zone, linking the hydrological system to the sub-ice-ocean cav- 
ity beneath the Ross Ice Shelf*”’ (Fig. 1). During two separate drainage 
events in 2006 and 2009, SLW discharged ~0.15 km? of water over two 
six-month periods, each time lowering the lake level by about 5 m*"*. The 
drilling location to access SLW was selected using reflection seismology”* 
and ice-penetrating radar’ data, and corresponded to the region of max- 
imum predicted water column thickness, lowest hydropotential, and 
largest satellite-measured surface elevation changes (Fig. 1). 


A hot water drilling system was used to create a ~0.6 m diameter bore- 
hole through the overlying ice sheet into SLW, allowing for physical 
measurements and the direct collection of water column and sediment 
samples. Drilling and lake entry procedures followed recommendations 
for environmental protection of subglacial aquatic environments", incor- 
porating rigorous measures to reduce the introduction of foreign micro- 
biota and material into SLW and the interconnected subglacial drainage 
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Figure 1 | Locator map of the WIS and SLW. The yellow box and star 
indicate the general location of the lake and the drill site; maximum extent of 
SLW and other lakes”* under the ice stream are shaded in blue; predicted 
subglacial water flowpaths through SLW and other subglacial lakes are 
represented by blue lines with arrows; the black line denotes the ice-sheet 
grounding line at the edge of the Ross Ice Shelf’. Inset (expanded from area in 
yellow box) shows details of SLW with both maximum (solid blue line) and 
minimum lake extent (shaded blue area), hydropotential contours (white 
isolines; 25 kPa interval), and drill site (yellow star; 84.240° S 153.694° W). 
Background imagery is MODIS MOA”. 
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system. Video inspection of the borehole and temperature measurements 
revealed that the ice—water interface occurred at 801 + 1 m below the 
surface (mbs) and the lake depth at the borehole site was ~2.2 m at the 
time of sampling. Two borehole deployments of a conductivity, tem- 
perature and depth (CTD) sonde together with data from three discrete 
hydrocasts showed that SLW had an average in situ temperature of 
—0.49 °C, pH of 8.1, and conductivity of 720 1S cm7'; properties that 
were distinctly different from the borehole water (Table 1). 

Water from three discrete hydrocasts in SLW had near identical geo- 
chemical compositions on the basis of major ion chemistry (Table 1) 
and all showed oxygen under-saturation (~ 16% of air-saturated water). 
Since there is no definitive evidence of lake water freezing to the bottom 
of the overlying ice sheet as in SLV”, it is unlikely that lake water con- 
stituents in SLW are influenced significantly by freeze concentration. 
The 5'°O of HO for SLW (—38.0%o) was similar to glacial ice sampled 
approximately 10 m above the ice—water interface from the neighbour- 
ing Kamb Ice Stream’* (KIS; —38 to —39%bo), indicating that glacial melt 


Table 1 | Biogeochemical data from the SLW borehole, water col- 
umn, and surficial sediments 


Parameter Borehole* Water columnt Sediments? 
Physical 
Temperature (°C)8 -0.17 (0.25)  -0.49 (0.03) n.d. 
Conductivity (uS cm~? @ 5.3 720 (10) 860 
25 °C)II 
pHIl 5.4 8.1 (0.1) 7.3 
Redox (mV (SHE))|| n.d. 382 n.d. 
Microbiological 
Cell density (cells ml~ 1) 6.9 x 107 1.3 x 10° n.d. 
(51.0) (0.4 x 10°) 
Cellular ATP (pmol |?) 0.04 (0.002) 3.70 (1.00) n.d. 
3H]thymidine§ n.d. 13.7 (1.3) 46.6 (5.6) 
$H]leucine4] n.d. 2.9 (0.4) 0.9 (0.04) 
14C-bicarbonate (ng C 1"? d71) n.d. 32.9 (4.2) n.d. 
Carbon and nutrients 
Dissolved oxygen (umol|~+) n.d. 71912.5) n.d. 
DIC (mmoll~) n.d. 2.11 (0.03) n.d. 
DOC (mol 17?) n.d. 221 (55) n.d. 
Acetate (mol |~+) n.d 1.3 (0.2) n.d. 
Formate (ymol | +) n.d 1.2 (0.3) n.d. 
PC# n.d. 78.5 (7.4) 384.2 (37.0) 
PN# n.d. 1.2 (0.4) 21.5 (1.7) 
PC:PN (molar) n.d. 65.4 (0.3) 17.9 (0.4) 
Ha* (mol! +) n.d. 2.4 (0.6) n.d. 
Oo” (mol |~+) n.d. 0.1 (0.1) n.d. 
O37 (mol |~+) n.d. 0.8 (0.5) 9.1 
PO,?~ (uwmoll~*) n.d. 3.1 (0.7) 73 
DIN:SRP (molar) n.d. 1.1 (0.4) n.d. 
Major ions (eq |~+) 
at n.d. 5,276 (18) 6,977 
Kt n.d. 186 (4.2) 293 (1.0)* 
get n.d. 507 (12) 596 (101)* 
Cat* n.d 859 (29) 860 (104)* 
FO n.d. 31.5 (0.4) 34.0 
om n.d. 3,537 (3.4) 4,943 
Br- n.d. 6 (0.01) 7 (0.4)* 
SO,?- n.d. 1,111 (0.4) 1,230 
HCO3~ n.d 2,111 (35) 2,238** 
Stable isotopes}+ 
3180 of H20 n.d. —38.0%o —37.5%o 
A*70 of NO3~ n.d. —0.1 to 0.2%o n.d. 


* Borehole water sampled by hydrocast at 672 mbs before lake entry. 

+ Water column data represent averages (= s.d.) from hydrocasts collected on 28 January 2013 (cast 1), 
30 January (cast 2) and 31 January (cast 3) 2013, except for [SH]leucine incorporation, which is an 
average of cast 1 and 3 only. 

{The sediment data correspond to measurements from the upper 2cm of surficial sediments. 

§ Average (= s.d.) of in situ measurements made through the lake water column at ~10 cm intervals 
with a SBE 19plusV2 SeaCAT Profiler CTD on 28 January and 30 January 2013. 

|| Based on measurements from discrete water samples brought to the surface. 

{Macromolecular incorporation rates of tritium were converted to cellular carbon and presented along 
with bicarbonate incorporation as average ng C|-1 d~! (+s.d.) for water or average ng C d~+ gram dry 
weight ~! (+ s.d.) of sediment. 

#Average (= s.d.) umol |? for water and average (+ s.d.) ymol g dry weight sed“! for surficial sediment. 
x*Surficial sediment porewater major ions are the average (+ range) of two replicates. 

** Calculated based on charge balance. 

++ Values are per thousand and reported relative to V-SMOW. The range of 2 measurements is given for 
A’”0 of NO3-. 

n.d., no data available. 
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was the dominant water source for SLW. A considerable fraction of the 
major anions and cations originated from mineral weathering, with a 
minor seawater component based on Cl toBr ratios (Extended Data 
Table 1). Crustally derived non-seawater solutes in SLW showed a dom- 
inance of weathering products from silicate minerals (Na* + K*) over 
carbonate minerals (Mg’* + Ca”), similar to other sub ice-sheet sys- 
tems in Greenland and Antarctica®’ (Supplementary Discussion). The 
dominant non-seawater anions (SO,°- and HCO;_) were probably 
products of sulphide oxidation, carbonation reactions, and carbonate 
dissolution’. Sulphide oxidation and carbonation reactions have been 
demonstrated to be microbially driven in subglacial systems and linked 
to enhanced rates of mineral weathering'®. Although clay minerals area 
potential source of the relatively high F” concentrations in SLW (Table 1), 
subglacial volcanism in the upstream catchment supplying SLW”” may 
also contribute. 

Ammonium accounted for 73% of the dissolved inorganic nitrogen 
pool within the water column of SLW (Table 1). Given that mineral sources 
of ammonium are minor, the majority of the ammonium is probably 
from microbial mineralization. Soluble reactive phosphorus levels were 
similar to the total inorganic nitrogen pool (dissolved N:P molar ratio 
of 1.1), implying a biologically nitrogen-deficient environment, relative 
to phosphorus. Unfortunately, sample limitations precluded measure- 
ment of dissolved organic N and P concentrations to assess their nutri- 
tional contribution. In addition to its nutritional role, ammonium is also 
an energy source for chemolithoautotrophic ammonium-oxidizing bac- 
teria and archaea. Evidence for complete nitrification in the aerobic SLW 
water column was supported by A'’O of NO; values (—0.1%o to 0.2%o) 
that indicated microbial processes rather than atmospheric input was 
the dominant source for nitrate in the lake’’. Particulate organic C (PC) 
to N (PN) molar ratios in the water column exceeded that of actively 
growing bacteria by almost 15-fold, suggestive of elevated levels of nitrogen- 
poor detritus. Dissolved organic carbon (DOC) in the water column aver- 
aged 221 + 55 umol17', which is about five times greater than average 
values for the deep ocean” and similar to the maximum range estimate 
for SLV?”° (86-160 moll” '). Acetate and formate concentrations in 
the water column averaged 1.3 and 1.2 umol1™ I respectively, indicat- 
ing that at least a portion of the DOC pool was labile. The conductivity 
and microbiological data (Table 1 and Fig. 2a) showed that little mixing 
occurred between the borehole water and lake, supporting the hypo- 
thesis that DOC in the water column originated from SLW. The lack of 
winnowing in sediment cores from SLW, in concert with the fact that 
similar DOC concentrations were obtained as the overlying ice moved 
~4 m during the course of our operations, provided evidence that water 
column DOC did not result from sediment disturbance during drilling 
operations. The DOC in SLW most likely originated from upward dif- 
fusion of DOC associated with ancient marine sediments* (SLW sediment 
surface area:depth ratio ~ 30,000), chemoautotrophic production, or 
from a combination of both sources. 

The average cell density in the SLW water column was 1.3 X 10° cells 
ml! (Table 1); microscopy revealed the presence of numerous morpho- 
types, approximately 10% of which were filamentous (Fig. 3). Cellular 
ATP, a proxy for viable biomass, in SLW was 3.7 pmol ATP 1 — » (Table 1). 
Cell and ATP concentrations were 188- and 93-fold higher, respect- 
ively, than those observed in the borehole water before breakthrough to 
SLW. Carbon biomass estimates for SLW water based on the ATP data 
(480 + 100 ngC1*) were 3- to 50-fold higher than those observed beneath 
the Ross Ice Shelf at site J9 (ref. 21). Analysis of small subunit ribosomal 
RNA (SSU rRNA) sequences amplified from the water column samples 
showed that the community was similar among replicate lake samples, 
was distinct from the drilling water (Fig. 2a), and contained at least 3,931 
operational taxonomic units (OTUs; Extended Data Table 2). An OTU 
closely related to the nitrite oxidizing betaproteobacterium ‘Candidatus 
Nitrotoga arctica”? comprised 13% of the sequence data, and many 
of the most abundant phylotypes were closely related to chemolitho- 
autotrophic species that use reduced nitrogen, iron or sulphur com- 
pounds as energy sources (Fig. 2b; Supplementary Discussion). Two of 
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Figure 2 | Phylogenetic analysis of SSU gene sequences obtained from the 
SLW water column, surficial sediment (0-2 cm) and drilling water. 

a, Cluster analysis of the microbial phylogenetic structure in the samples (top) 
and the relative abundance of bacterial and archaeal phyla in the water and 
sediment samples (bottom). The Proteobacteria were split into classes for 
greater detail. The asterisk indicates statistical significance (analysis of 
molecular variance, AMOVA, P value < 0.001). b, Phylogenetic analysis of 


the abundant water column OTUs had high identity (>99%) to SSU 
sequences previously reported from sediments sampled beneath the KIS” 
(Fig. 2b). Preliminary attempts to detect eukaryotic SSU sequences in 
the SLW water column were unsuccessful. 

Average dark ['*C]bicarbonate incorporation in the water column 
samples (32.9ng Cl-'d_'; Table 1) exceeded average rates of hetero- 
trophic production based on [*H]thymidine (13.7 ngC1~' d~') and [7H] 
leucine (2.9 ng C1! d7') incorporation by 2- and 11-fold, respectively. 
Assuming that the thymidine and leucine values represent net incorpo- 
ration, and that respiratory losses were 87% of net incorporation (which 


column. a, Epifluorescence micrograph showing a variety of cell morphotypes, 
which was confirmed by scanning electron microscopy (SEM; b-d). The yellow 
arrows in the SEM images indicate cells with rod (b), curved rod (c) and coccoid 
(d) morphologies. Scale bar, 2 um. 
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bacterial and archaeal OTUs abundant in the SLW water column and 
sediments. The accession numbers of nearest neighbours and reference taxa are 
listed parenthetically. Bootstrap values are shown at the nodes. SLW phylotypes 
are bolded and followed by the percentage each represented in the water 
column (blue) and sediment (red) libraries. The scale bar indicates the number 
of nucleotide substitutions per position. 


are average values for Antarctic McMurdo Dry Valley lakes”), the gross 
bacterial carbon demand (net productivity + respiration) would be 
105and23ngCl ‘d_ ", respectively. If dark [‘*C] bicarbonate incorp- 
oration represents new organic carbon production via chemoautotro- 
phy, the observed rates would meet between 31% and 143% of the 
heterotrophic carbon demand in the system. It should be noted that the 
effect of pressure (~ 8 MPa in SLW) was not tested and may influence 
the absolute rates of metabolism measured. 

Pore water conductivity (860 LS cm ') and pH (7.3) in SLW’s surfi- 
cial sediments were within 20% of the lake water values (Table 1). Upward 
diffusion of ions from sediment pore water is presumably the primary 
source of the ions in the water column. Average surficial sediment PC 
and PN concentrations were 384.2 and 21.5 mol g dry weight” ', respec- 
tively, and represented 0.43% and 0.03% of sediment dry weight. The 
molar PC:PN ratio in the surficial sediment layer (17.9) was 3.7-fold 
lower than that in the water column (Table 1), indicative of nitrogen- 
enriched sedimentary particulate organic matter, with respect to water 
column suspensoids. On the basis of rates of thymidine and leucine incor- 
poration, average heterotrophic production in the surficial sediment was 
46.6and0.9ngCd ' gdryweight ', respectively. Approximately 75% 
of the OTUs from the surficial sediments classified within the Proteo- 
bacteria (Fig. 2a). Although many phylotypes in the water column were 
also abundant in the surficial sediments (Fig. 2b), ~70% of the OTUs 
were unique to the sediment environment. The nearest neighbours of 
the most abundant phylotypes in the surface sediments were chemoli- 
thoautotrophs or species that use C1 hydrocarbons as carbon and energy 
sources (Fig. 2b, Supplementary Discussion). 

Our data show that SLW supports a metabolically active and phylo- 
genetically diverse ecosystem that functions in the dark at sub-zero tem- 
peratures, confirming more than a decade of circumstantial evidence 
regarding the presence of life beneath Antarctica’s ice sheet”’””°”’. Rate 
experiments revealed that chemoautotrophic primary production in SLW 
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is adequate to support heterotrophic metabolism in the subglacial eco- 
system. The abundance of taxa related to nitrifiers*** in concert with 
elevated ammonium and A’’O of NO; values near 0%o in the water 
column (Table 1) implies that nitrification may be a fundamental che- 
moautotrophic pathway of new organic carbon production in SLW. 
Similar conclusions regarding the ecological significance of nitrifica- 
tion have been drawn for the water column beneath the Ross Ice Shelf?® 
and in McMurdo Sound”. Given the prevalence of subglacial water in 
Antarctica®, our data from SLW lead us to contend that aquatic micro- 
bial ecosystems are common features of the subsurface environment 
that exists beneath the ~10’ km’ Antarctic ice sheet. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper 
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Haematopoietic stem cell induction by 
somite-derived endothelial cells controlled by meox1 
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Kristine Joy Fernandez’, David Baruch Gurevich", Nicholas James Cole*”, Sara Alaei’®, Mirana Ramialison’, 
Robert Lyndsay Sutherland?'*t, Jose Maria Polo’®, Graham John Lieschke! & Peter David Currie>”* 


Haematopoietic stem cells (HSCs) are self-renewing stem cells cap- 
able of replenishing all blood lineages. In all vertebrate embryos that 
have been studied, definitive HSCs are generated initially within the 
dorsal aorta (DA) of the embryonic vasculature by a series of poorly 
understood inductive events’ *. Previous studies have identified that 
signalling relayed from adjacent somites coordinates HSC induc- 
tion, but the nature of this signal has remained elusive*. Here we 
reveal that somite specification of HSCs occurs via the deployment 
of a specific endothelial precursor population, which arises within a 
sub-compartment of the zebrafish somite that we have defined as 
the endotome. Endothelial cells of the endotome are specified within 
the nascent somite by the activity of the homeobox gene meox1. Spec- 
ified endotomal cells consequently migrate and colonize the DA, 
where they induce HSC formation through the deployment of che- 
mokine signalling activated in these cells during endotome forma- 
tion. Loss of meox] activity expands the endotome at the expense of 
a second somitic cell type, the muscle precursors of the dermomyo- 
tomal equivalent in zebrafish, the external cell layer. The resulting 
increase in endotome-derived cells that migrate to colonize the DA 
generates a dramatic increase in chemokine-dependent HSC induc- 
tion. This study reveals the molecular basis for a novel somite linea- 
ge restriction mechanism and defines a new paradigm in induction 
of definitive HSCs. 

Cell lineage studies have demonstrated two cellular sources for the 
amniote DA, the splanchnic and somitic mesoderm*”. The zebrafish 
DA, by contrast, is believed to originate in toto from cells of the lateral 
plate mesoderm, an assumption based on imaging using lateral plate 
mesoderm-specific transgenes'* '*. Consequently, these analyses do not 
exclude a somitic origin for vasculature progenitors in zebrafish. Our 
analyses of the choker (cho) mutation” revealed defects in somite line- 
ages. Secondary trunk myogenesis is reduced in cho mutants (Fig. la- 
h, k, 1, Extended Data Fig. 1i-l, 0), as are appendicular and hypaxial 
muscles and their progenitors (Fig. li-n, Extended Data Fig. la—h, m,n, 
Supplementary Videos 1 and 2). These cell types derive from the exter- 
nal cell layer (ECL)”°”’ and ECL cell numbers are reduced in cho homo- 
zygotes (Fig. lo-s). The cho mutation results from a null mutation in 
the meox1 gene (Extended Data Fig. 2a—h) and meox1 is expressed with- 
in the early somite, becomes restricted to the ECL and consequently to 
appendicular muscle populations, which are disrupted in cho mutants 
(Fig. 1t-z, Extended Data Fig. 2i-n). meox] is also expressed in vascular- 
associated cells (VACs, arrowheads Fig. 1 x’, y,z, Extended Data Fig. 2m) 
located adjacent to the DA. 

DA marker expression was variably expanded in meox1 mutants 
(Fig. 2a-j, Extended Data Fig. 3a-j). The most informative of these 
markers was cxcl12b (also known as sdf1b), which is localized initially 


to a central region of newly formed somites and then in cells positioned 
ina salt and pepper manner within the DA” (Fig. 2a-j). Somite and DA- 
associated expression of cxcl12b is expanded in meox1 mutants (n = 57) 
with the global DA marker genes notch3 (n = 16) and ephB2 (n = 13)” 
more modestly expanded (Extended Data Fig. 3i, j, and data not shown). 
Furthermore, pax3a GFP transgenic embryos, which express green fluo- 
rescent protein (GFP) within the early somite, exhibit perduring GFP 
within the ECL and endothelial cells (ECs) of the DA (Fig. 2k—p, Extended 
Data Fig. 3m-o’, v-x’), with the majority of the pax3a-GFP-positive cells 
expressing cxcl12b (Fig. 2n-n’, arrows). Furthermore, anti-Meox] anti- 
body staining reveals DA cells contain perduring Meox] protein ina sim- 
ilar pattern to cxcl12b, despite the DA not being a site of meox1 MRNA 
expression (Fig. 2q-q’’, Extended Data Fig. 3k-1’’’). Collectively, these 
studies suggest a somitic origin for a portion of cells of the zebrafish DA. 

To test this hypothesis, somitic cell fate was analysed using the Kaede 
photoconvertible protein expressed globally (n = 23) or from the somite- 
specific mesogenin (msgn) promoter™ (n = 29, Fig. 3a-f’’, Supplemen- 
tary Videos 3 and 4, Extended Data Fig. 3p—u, Extended data Fig. 4). 
This analysis revealed that the anterior somite gives rise to the ECL and 
its derivatives as previously documented*™", but also contributes to the 
DA, posterior cardinal vein (PCV) and inter-segmental blood vessels 
(ISVs), (Fig. 3a—d’’, Extended data Fig. 3p—u, Supplementary Video 5, 
Extended Data Fig. 4b-h) and VACs (Fig. 3d’’, arrows). Single-cell line- 
age analysis of the entire somite (Fig. 3h-i’’’, 0, n = 96) revealed that 
cells residing at the anterior/posterior midpoint of the somite provide 
progenitors to both the vasculature (Fig. 30) and VACs (Fig. 3i-i’’’). 
Furthermore, a single-cell Cre/loxP fate mapping technique was devel- 
oped that demonstrated that central somitic cells are unipotent pro- 
genitors that undergo little cell division in contributing to DA formation 
(n = 7, Fig. 3j-j’’, n). Next we generated a transgenic line that expressed 
tamoxifen-inducible Cre from the somite-specific msgn1 promoter 
Tg(msgn1:CreERT2). Crossing this line to Tg(Pactin2: loxP AcGFP1- 
STOP pA loxP mCherry pA; factin2 is also known as actb2) transgenics 
resulted in DA ECs expressing mCherry upon tamoxifen addition at 
early somite stages (n = 5, Fig. 3g-g’’). Thus, four independent fate map- 
ping strategies have demonstrated that DA cells can derive from a cen- 
tral somitic region we term the ‘endotome’. 

Fate mapping further revealed that meox1 mutants (74%, n = 14, 
Fig. 3k, k’, m-m"’, o) but not their wild-type siblings (0%, n = 45) can 
generate DA or VACs from anterior-most somite cells. Reciprocally, 
labelling of the anterior-most somite cells in meox1 mutants resulted 
in fewer ECL cells and their derivatives (26%, n = 5). However, the 
generation of primary muscle is unaffected in meox1 mutants (n = 5, 
Fig. 31, 1’, 0) and loss of meox1 did not alter the proliferation of somite 
cells either globally or in a lineage-specific manner (Extended Data Fig. 6), 
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Figure 1 | cho mutants possess defects in the ECL and the muscles derived 
from it. a—h, Anti-myosin heavy chain (MyHC) staining reveals reduced 
muscle (brackets, a, b) in cho mutants. Arrowheads (c, d) slow muscle, arrows 
(c, d) fast muscle. i-n, Reduced trunk (100%, n = 60, brackets) fin (66%, 

n = 32), hypaxial (65%, n = 60, arrows) and sternohyodies (100% n = 60, 
arrowheads) muscle in cho mutants. Lateral (k, 1) and ventral (m, n) views of 
72 hours post fertilisation (hpf) Tg(alpha-actin:GFP) larvae. o-s, pax7a mRNA 
(0, p) and protein expressing cells (q, r, s) are reduced in number within 

the ECL but normal in the dorsal neural tube (bracket). s, ECL quantitation: 


but did result in a transitory increase in the size of the PCV (Extended 
Data Fig. 5). Thus, meox1 is required to partition the fate of the somite 
and loss of meox1 expands the endotome at the expense of ECL pro- 
genitors. Reciprocally, overexpression of meox1 induces expression of 
the ECL marker Pax7 in cells destined to be ECs (Extended Data Fig. 7). 

Studies in chick embryos have suggested that the colonization of the 
DA with somite-derived ECs could negatively regulate the haematopoie- 
tic competence of the DA, as the haemogenic endothelium of the DA is 
replaced entirely by somite-derived ECs during embryogenesis”’®. We 
therefore examined whether expression of HSC markers was altered in 
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Figure 2 | Endotome markers persist in the DA and are expanded in 
meox!1 mutants. cxcl12b is restricted to the mediolateral somite in wild type 
(WT) (a, c) but expands into the anterior somite in meox1 zoe embryos. 

(b, d) at 10 somites. Salt and pepper cxcl12b expression in the DA (arrows in 
g and i) is expanded in meox1 a embryos (f, h, j) at 30 hpf. a-d, dorsal views; 
e-h, lateral views; i, j, cross-section. k, 1, Tg(pax3a:GFP) (green) marks 
ventral (arrows, 1) and migrating (arrowheads, 1) somitic cells. DAPI, blue. 
k’, Transverse section as in k. 1, Confocal section of the region boxed in k. 
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mean ~ s.e.m.; significance (***P < 0.0001) in unpaired t-test. t-v. meox1 
expression 15 somites. t’, Cross-section as in t. u’, area boxed in u (bracket). 
v, v’, meox1 transcript levels suggests nonsense mediated decay in cho mutants. 
v’, region boxed in v. cho mutants lose anterior restriction of remaining 
meox1 transcripts (compare brackets u’ and v’). w, 22 somites, meox1 is 
ECL localized. x-z, 30 hpf. meox1 in the ECL, and myosepta of tail somites 
(arrows, x’, x'’). y, Z, cross-section within pre-yolk (y) and post-yolk 

(z) extension somites. Arrows, ECL; arrowheads, VACs; dashed circle, 
dorsal aorta. Scale bars, 20 um. 


meox1 mutants. This analysis surprisingly revealed an expansion of HSC 
marker expression, rather than the reduction predicted by an expanded 
colonization of haematopoietically refractory, somite-derived ECs in the 
DA of meox1 mutants. 

Specifically, the itga2b:GFP transgenic line (also known as cd41:GFP), 
which drives low-level GFP expression in DA-associated HSCs, and the 
genes scl (also known as tall), cmyb and runx1, which mark HSCs in the 
DA, all showed expanded expression in meox1 mutants or morphants 
(scl n = 42, Fig. 4a—h; itga2b:GFP, Extended Data Fig. 8a-i’, v; runx1 
n = 26, Extended Data Fig. 8j-0; cmyb n = 32, Extended Data Fig. 8p—u). 
excl12b 


Merge DAPI an GFP) 


26 somites 
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Anti-Meox1 Tg(fli1a:GFP) 


m, 26 somites, GFP in DA cells (arrows). Confocal section at mid-DA. 

m’, Transverse section as in m. n-n’’, Confocal section mid-DA reveals 
pax3a-GFP cells express cxcl12b (red, arrow). o-p, pax3a-GFP cells co-express 
Tg(kdrl:mCherry) (arrow, DA brackets). 0’, Area boxed in o. p, Transverse 
section as in o. q-q’’, Anti-Meox] (red) and anti-GFP (green) co-localize in 
the dorsal (arrows, q’, q’’) and ventral (arrowheads, q’-q’’) DA. Scale bars, 
50 Lim; 0, 20 um. 
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Figure 3 | Endotome cells contribute to DA formation and are expanded in 
meox1 mutants. a-f’’, a—a’’’, nlsKaede (green) photoconverted (red) in the 
anterior somite (n = 23, 10 somites). b-d’’, Same embryo at 26 somites in 
flila-GFP. b-b’, flila-GFP (green) and photoconverted endotomal cells. 

c, c’, Segmentation for vasculature colocalization (yellow). Scale Bar 20 jum. 
d-d’’, Endotome-derived nuclei (arrows) in ECs (green) of ventral (d) and 
dorsal DA (d’) and VACS (d’’). e-f’’, 10 somites TgBAC(pax3a:GFP) (green), 
Tg(msgn1:nlsKaede) photoconverted embryos (e-e’’). f-f’’, At 26 somites 
photoconverted nuclei co-localize with GFP in Tg(pax3a:GFP) (100%, n = 29, 
arrows). g-g’’, Tamoxifen added at 10 somites in Tg(msgn1:CreERT2); 
Tg(Pactin2: loxP AcCGFP1-STOP pA loxP mCherry pA) animals results in 
mCherry in DA cells (n = 5, bracket) at 72 hpf. g’(i) region boxed in g’. 
h-h’’, Anterior somite tetramethylrhodamine dextran (TMRD)-labelled cells 
at 10 somites (h, RD, red) localize within the DA (h’), ECL (h’’, arrows) and 


We hypothesized that three mechanisms could generate the increase 
of HSCs evident in meox1 mutants. First, endotome cells could directly 
contribute to HSC formation and the excess HSCs evident in meox1 mu- 
tants could derive from increased endotome cell numbers. However, 
time-lapse and fate-mapping analyses failed to detect direct contribution 
of somite-derived cells to HSC formation in either wild-type (n = 23) 
or meox1-deficient contexts (n = 35), (Extended Data Fig. 9a—n’). Fur- 
thermore, somite cells marked using the msgn1:CreERT2 line failed to 
label cells budding from the ventral floor of the DA into the PCV, the 
known position of HSC cells, despite being intimately associated with 
these cells (n = 5, Fig. 3g-g’’, arrows). In line with this observation, the 
DA expression of the pax3a transgene occurs adjacent to HSCs, but does 
not co-localize (Extended Data Fig. 3v-x’). Therefore, we concluded 
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secondary fast muscle cells (h’’, arrowhead) at 36 hpf. i, TMRD mid-somite 
label at 10 somites generates VACs lateral to the vasculature (i’, i’’, green) 
(i’, lateral view; i’’’, transverse view). j-j'’, mCherry mosaically expressed 
from Cre/loxP ‘traffic light’ cassette. j’, Cre RNA iontophoretically delivered 
into a single cell (circle, arrow) and the deleted cell within the DA (j’’, green, 
arrow, (n = 7)). k-m’’, Anterior cell in a meox1~/~ embryo (k) ectopically 
generates DA (k’, arrow) and VACs (arrowhead). 1, meox1 ee posterior somite 
cell generates fast muscle at 36 hpf (1’). m, Cells either side of the somite 
boundary in meox1~'~ generate a DA cell (arrow) and a VAC (arrowhead) at 
36 hpf (m’) and a fast muscle fibre marked with alpha-actin-GFP (m’’). n, Cre 
reporter ‘traffic light’ cassette. 0, Schematic of approximate positions of 
labelled cells colour coded as to the subsequent fate of the cell in WT and 
meox1~’— genotypes. Scale bars, 20 jum. 


that somite-derived ECs do not directly contribute to HSC formation 
in wild-type or meox1 mutant embryos. 

Second, we examined whether meox1 could influence the expression 
of wnt16, which has been previously postulated to indirectly regulate HSC 
generation through an undescribed ‘relay signal’*. However, rather than 
exhibiting the upregulation of wnt16 expression that this model predicts, 
wnt16 expression was severely downregulated in meox1 mutants (Ex- 
tended Data Fig. 90-x). Thus, the expansion of HSC markers evident 
in meox1 mutants does not occur through an upregulation of wnt16, 
which appears dispensable for HSC induction. 

Lastly, we examined if somite-derived ECs could induce resident lateral- 
mesoderm-derived ECs of the DA to become HSCs. In support of such 
a model, somite-derived ECs are found adjacent to HSC clusters in the 
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Figure 4 | Somite-derived endothelial cells are required for HSC induction. —_ p-p’’, Quantification: mean + s.e.m. significance (***P < 0.0001) in unpaired 
a-h, scl expression in 30 hpf wild-type (WT) (a, c, e, g) and meox1 ~~ (n= 42, t-test. q-r’, Untreated (q, q’) and heat shocked (HS) (n = 25, r, r’) HS cxcl12b 
b, d, f, h) embryos. c, e, Regions boxed in a. d, f, Regions boxed in b. g, Section embryos stained for cmyb. s, s’, AMD3100 treatment (20 1M) reduces HSC 


as in a. h, Section as in b. i, pax3a:KalTA4 injected into Tg(uas:E1b:Eco.NfsB- numbers in a dose-dependent manner (w). t, t’, cxcl12b morpholino injection 
mCherry) (abbreviated to Tg(uas:NTRmCherry)) and Tg(flila:GFP) reduces HSC numbers u-v’’, pax3a:cxcl12b mCherry fusion injected into the 
incubated without (—) (j-j’’, l, n) or with (+) (k-k’’, m, 0) metronidazole Tg(itga2b:GFP) (n = 27) reveals HSCs (green) cluster with cxcll2mCherry- 
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in cmyb+ve HSCs at 30 hpf (m, o, p’’) compared to controls (1, n, p’’). Scale bars, 20 ptm. 


DA (Extended Data Figs 3v-x’, 9a-f) with individual somite-derived Fig. 10f). Furthermore, Meox1-mediated chromatin immunoprecipi- 
ECs associated with the generation of multiple HSCs (Extended Data _ tation of the cxcl12b locus from zebrafish embryos indicates that this 
Fig. 9g—n’). Furthermore, a small but significant increase in prolifera- regulation is direct (Extended Data Fig. 10g, h). 
tion of HSCs occurs in the context of meox1 loss of function (Extended Much emphasis has been placed on attempting to understand the 
Data Fig. 8w). To ablate endotome-derived ECs we injected a pax3a: _ cellular and molecular mechanisms underlying HSC induction, due to 
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liferation and mobilization of murine HSCs within the bone marrow”, _ ticipate in this process and provide an embryonic niche for HSC induc- 
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chemically interfered with cxcl12b signalling during HSC induction. Loss _ the ones we have defined here, to coordinate HSC induction, an under- 
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HSC expansion evident in meox1 mutants (Fig. 4w, Extended Data anqsource Data, are available in the online version of the paper; references unique 
Fig. 10a—c’). Reciprocally, overexpression of cxcl12b via induction of _ to these sections appear only in the online paper. 
the heat-shock promoter (Fig. 4q-r’) or from the endotome-specific 
pax3a promoter (n = 25, Fig. 4u-v’', Extended Data Fig. 10d-d’) resulted Received 18 January; accepted 14 July 2014. 
in clumps of HSC cells irregularly positioned along the DA. Further- Published online 13 August 2014. 
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Jamla-Jam2a interactions regulate haematopoietic 
stem cell fate through Notch signalling 


Isao Kobayashi’, Jingjing Kobayashi-Sun', Albert D. Kim', Claire Pouget', Naonobu Fujita’, Toshio Suda® & David Traver’? 


Notch signalling plays a key role in the generation of haematopoie- 
tic stem cells (HSCs) during vertebrate development’ and requires 
intimate contact between signal-emitting and signal-receiving cells, 
although little is known regarding when, where and how these inter- 
cellular events occur. We previously reported that the somitic Notch 
ligands, Dlc and Dld, are essential for HSC specification’. It has re- 
mained unclear, however, how these somitic requirements are con- 
nected to the later emergence of HSCs from the dorsal aorta. Here we 
show in zebrafish that Notch signalling establishes HSC fate as their 
shared vascular precursors migrate across the ventral face of the so- 
mite and that junctional adhesion molecules (JAMs) mediate this 
required Notch signal transduction. HSC precursors express jamla 
(also known as f11r) and migrate axially across the ventral somite, 
where Jam2a and the Notch ligands Dlc and Dld are expressed. Despite 
no alteration in the expression of Notch ligand or receptor genes, loss 
of function of jam1aled to loss of Notch signalling and loss of HSCs. 
Enforced activation of Notch in shared vascular precursors rescued 
HSCs in jam1a or jam2a deficient embryos. Together, these results 
indicate that Jam1la-Jam2a interactions facilitate the transduction 
of requisite Notch signals from the somite to the precursors of HSCs, 
and that these events occur well before formation of the dorsal aorta. 

JAM proteins belong to the immunoglobulin superfamily of cell adhe- 
sion molecules, comprised of three closely related members, JAM1 (also 
known as JAM-A or F11R), JAM2 (also known as JAM-B), and JAM3 
(also known as JAM-C)’. It has been reported that Jam1 is expressed in 
both murine and zebrafish HSC fractions®’, although its role in haema- 
topoiesis remains unknown. In zebrafish, the jam1 gene was tandemly 
duplicated on chromosome 5 to generate jam1a and jam1b (also known 
as f11rl). The structure of Jam1a is similar to that of human JAM1, which 
is composed of two immunoglobulin-like domains, a transmembrane 
domain (TM), and a PDZ-binding domain (PBD), whereas Jam 1b lacks 
the TM and PBD (Extended Data Fig. lad). We therefore focused on 
Jam1a to determine its potential roles in HSC development. We first 
examined the expression of jam1a in zebrafish embryos. At 14h post- 
fertilization (hpf), jam1a was expressed in bilateral stripes of posterior 
lateral mesoderm (PLM) (Extended Data Fig. 2a), which gives rise to 
both endothelial and haematopoietic lineages’. After 18 hpf, however, 
jam1a was no longer detected in endothelial cells (Extended Data Fig. 2b, c). 
We performed co-staining of jam1a with flil, a marker of the vascular 
lineage. The expression domain of flil overlapped with that of jam1a at 
14 hpf (Extended Data Fig. 2d), indicating that PLM cells indeed express 
jam1a at this stage. We observed the downregulation of jam1a in purified 
green fluorescent protein (GFP)-labelled endothelial cells (fli 1:GEP* cells) 
from 14 to 20 hpf (Extended Data Fig. 2e). 

To determine if HSC precursors are contained within jamla* PLM 
cells, we performed lineage tracing using the combined transgenic 
lines, -2.2jam1a:CreER™”, which expresses CreER’? under the control 
of jam1a regulatory elements, and bactin2:loxP-BFP-loxP-DsRed, which 
switches from expression of blue fluorescent protein (BFP) to the DsRed 
red fluorescent protein following Cre-based recombination (Fig. 1a, 
Extended Data Fig. 2f). Double-transgenic embryos were treated with 


4-hydroxytamoxifen (4OHT) following two different schedules (Fig. 1b). 
An ‘early’ group was treated with 4OHT from 8 hpf, a stage before PLM 
formation”, and a ‘late’ group from 30 hpf, a stage just before HSC emer- 
gence in the dorsal aorta’®”’. These embryos were grown to 3-5 months of 
age, after which whole kidney marrow cells were analysed by flow cyto- 
metry (Fig. 1c). As shown in Fig. 1d, high percentages of ‘switched’ DsRed 
cells were detected in the ‘early’ group. DsRed” cells were comprised 
of multiple types of blood lineages (Fig. le). In contrast to the ‘early’ 
schedule, DsRed™ cells were nearly undetectable in the ‘late’ group 
(Fig. 1d). These results indicate that jam1a is expressed in the shared 
vascular precursors of HSCs during early somitogenesis stages. The ex- 
pression of jamla in HSC precursors was further confirmed by addi- 
tional lineage-tracing studies using a -5.1jamla:CreER" transgenic 
animal, which has an extended jamla promoter/enhancer region 
(Extended Data Fig. 2g-l). 

To examine the function of Jamla in haematopoiesis, we designed 
two different morpholino oligonucleotides (MOs), jamla MOatg (a 
translation-blocking MO) and MOexz7 (a splice-blocking MO) (Extended 
Data Fig. 3a—e). We first examined the expression of the HSC marker gene 
runx1 in these morphants. As shown in Fig. 1f, runx1 was detected in 
the dorsal aorta in uninjected wild-type embryos at 26 hpf. In contrast, 
runx1 was nearly undetectable in jam1a MOatg- and MOex7-injected 
embryos at the same stage (Fig. 1g, h). The expression of efnb2a (ephrin-B2a, 
a dorsal aorta marker gene) was unaffected in either morphant (Fig. 1i-k), 
suggesting that the dorsal aorta is specified normally. To further char- 
acterize jam1a morphants, we investigated the expression of additional 
marker genes. The expression of cmyb (another HSC marker) in the dorsal 
aorta was largely absent in jam1la morphants (Fig. 1], m, Extended Data 
Fig. 3f, g). T-cell colonization of the thymus requires input from HSCs, 
providing a useful readout for whether HSCs have been specified or 
not. In jam1a morphants, the expression of rag] (a marker of immature 
T cells) was absent in the thymus at 4 days post-fertilization (dpf) (Fig. 1n, 0, 
Extended Data Fig. 3h, i). A truncated isoform of scl (also known as tall), 
scl-B, has been shown to mark haemogenic endothelium in the dorsal 
aorta’’, Comparison of scl-a/f and scl-« probes revealed the specific 
reduction of scl-f in the dorsal aorta in jam1a morphants (Fig. 1p-s). 
Nascent HSCs can be visualized as cmyb:GFP; kdrl:mCherry double- 
positive cells in the ventral floor of the dorsal aorta’®. The number of 
double-positive cells in the dorsal aorta was twelve times lower in jamla 
morphants than in wild-type embryos (Extended Data Fig. 4a—c). The 
expression of gatal (an erythroid marker) and I-plastin (a myeloid mar- 
ker) at 24 hpf was normal in jam1a morphants, whereas the expression 
of I-plastin at 4 dpf was reduced in the caudal haematopoietic tissue 
(CHT) (Extended Data Fig. 4d—f). These results indicate that primitive 
haematopoiesis is unaffected, but definitive haematopoiesis is defective 
in jam1a morphants. The vasculature in the trunk was normal in jamla 
morphants, whereas development of the vascular plexus in the CHT was 
slightly abnormal (Extended Data Fig. 4g-j). Development of the prone- 
phros, somite, sclerotome and notochord was unaffected in jam1a mor- 
phants (Extended Data Fig. 4k-o). These results indicate that the failure 
of HSC specification in jam 1a morphants is specific and not due to gross 
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Figure 1 | Loss of jam1a results in the loss of HSCs. a, Vector constructs of 
transgenic animals used for lineage tracing. PA, polyA. b, Two different 
schedules of 4-hydroxytamoxifen (4OHT) treatment (‘early’ and ‘late’). Red 
insets in the blue arrows indicate the period of the 4OHT treatment. c, Flow 
cytometric analysis of adult kidney marrow cells. d, The percentages of DsRed* 
cells in kidney marrow in the ‘early’ (n = 7) or ‘late’ group (n = 10). Red bars 
indicate the mean percentage. *P < 0.002, by Student’s t-test. e, Flow 
cytometric and morphological analysis of DsRed™ cells. L, lymphocytes, N, 
neutrophils; E, eosinophils; M, monocytes; T, thrombocytes, P, precursors. 
May-Griinwald-Giemsa staining. Bars, 10 um. f-k, Expression of runx1 and 
efnb2a in uninjected, jamla MOatg-, or MOex7-injected embryos. 

1-s, Expression of cmyb, rag1, scl-x/f, and scl- in uninjected or jamla MOatg- 
injected embryos. Arrowheads indicate the dorsal aorta (f-m, p-s) or thymus 
(n, 0). Data are pooled from two independent experiments (c—e) or 
representative of two independent experiments with two different clutches of 
embryos (f-s). 


malformations in adjacent environmental tissues. The effects of MOs are 
summarized in Supplementary Table 1. 

Since jamais expressed in PLM cells, we next examined the formation 
and migration of the PLM in jamla morphants. The expression of flil at 
12 hpf was normal in both types of jam1a morphants (Fig. 2a-c), suggest- 
ing that PLM formation is unaffected. PLM cells migrate axially and reach 
the midline by 17 hpf (Fig. 2d). We observed a delay in the migration of 
PLM cells in both types of jam1a morphants, in that a subset of flil* cells 
did not reach the midline by 17 hpf (Fig. 2e, f). We performed time-lapse 
imaging of PLM cells from 14 hpf using flil:GFP; phldb1:mCherry double 
transgenic embryos, where endothelial precursors and somitic cells are 
labelled by GFP and mCherry expression, respectively. PLM cells in the 
first wave reached the midline by 15.5 hpf in wild-type embryos, whereas 
the remaining cells reached the midline by 17.5 hpf to form the ‘vascular 
cord’ (Fig. 2g, Supplementary Video 1). In jam1a morphants, however, only 
a few PLM cells reached the midline by 15.5 hpf. Moreover, some PLM cells 
remained at the lateral borders of the somites at 17.5 hpf, and the vascular 
cord was discontinuous (Fig. 2h, Supplementary Videos 2 and 3). We ex- 
amined the morphology of migrating PLM cells. In wild-type embryos, 
most migrating flil:GFP* PLM cells displayed a flattened morphology 
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and appeared to interact closely with the ventral domain of the somite 
(Fig. 2i). By contrast, PLM cells in jamla morphants displayed a round 
shape with relatively little surface contact with the somite (Fig. 2)). 

To exclude the possibility ofa general developmental delay in jam1a 
morphants, we enumerated somites at 14 hpfin jamla MO control- and 
MOatg-injected embryos. We mainly observed nine somites formed in 
both jam1la MO control- and jam1a MOatg-injected embryos at this stage, 
and there was no significant difference in the average numbers of somites 
between groups (Fig. 2k, 1). This indicates that the migration defect observed 
in jamla morphants is specific and not due to developmental delay. In 
zebrafish, Hedgehog (Hh) and Vascular endothelial growth factor a (Vegfa) 
signalling pathways have been implicated to regulate the migration of PLM 
cells’*"*. In jam1a morphants, however, the expression of shha (sonic hedge- 
hoga) and vegfa as well as their downstream target efnb2a was unaffected 
(Fig. 1i-k, Extended Data Fig. 4n—q), indicating that the defect of PLM 
cell migration in jam1a morphants is independent of the Hh and Vegfa 
signalling pathways. 

Because PLM cells migrate along the ventral domain of the somites, 
which includes the sclerotome, it is likely that a binding partner ofJamla 
is expressed on the somitic epithelium. Previous studies determined the 
expression patterns of zebrafish jam genes and their physical binding 
properties by surface plasmon resonance. These studies showed that 
Jam1la can bind to Jam2a, Jam2b and Jam3a, but not to Jamla (homo- 
typically), Jam1b or Jam3b. Moreover, among these 6 jam genes, only 
jam2a and jam3b are expressed in somites'*’*. Therefore, we next in- 
vestigated whether PLM cells make contact with jam2a* somitic cells. 
As shown in Fig. 3a, jam2a was specifically expressed in somites at 16 hpf, 
a stage when PLM cells are migrating. Quantitative polymerase chain 
reaction (qPCR) results also showed that jam2a was highly expressed 
in purified alpha-actin:GFP* somitic cells at 14 hpf, whereas jam 1a was 
highly expressed in purified flil:GFP* PLM cells (Fig. 3b). Histological 
analysis of 16 hpf embryos revealed that migrating flil:GFP* PLM cells 
were in close contact with jam2a* somitic cells (Fig. 3c). 

To determine if Jamla can bind to Jam2a, we performed coimmuno- 
precipitation experiments using transiently transfected Flag-tagged Jamla 
(Jamla-Flag) and haemagglutinin-tagged Jam2a (Jam2a—HA) constructs 
in HEK293T cells. Anti-Flag immunoprecipitation followed by anti-HA 
western blotting showed specific binding of Jam1a to Jam2a (Fig. 3d). To 
further test their interaction, we used a Duolink proximity ligation assay 
(PLA), which can demonstrate protein-protein interactions in situ by 
eliciting a fluorescent signal (Fig. 3e). As shown in Fig. 3f, PLA signals 
were detected in the boundary region between transfected Jam1a—Flag* 
cells and Jam2a-HA* cells, revealing the interaction of these proteins in 
trans. These results suggest that cells of PLM maintain intimate contact 
with cells of the ventral somite via Jam1a—Jam2a interactions during their 
migration. 

This model predicts that loss of jam2a function would phenocopy 
the effects in jam1a morphants. We thus examined both HSC specification 
and PLM cell migration in jam2a MOatg- or MOex5-injected embryos 
(Extended Data Fig. 5a—d). The expression of runx1 in the dorsal aorta 
was greatly reduced in both jam2a morphants, whereas efnb2a express- 
ion was unaffected (Fig. 3g—j, Extended Data Fig. 5e-1). In addition, axial 
migration of PLM cells was greatly delayed in both types of jam2a mor- 
phants (Fig. 3k, Supplementary Videos 4 and 5), despite only a modest 
delay in development (Fig. 31). Migrating flil:GFP* PLM cells in jam2a 
morphants displayed a round shape (Extended Data Fig. 5m), similar to 
that shown in jam1a morphants (Fig. 2j). The average contact surface area 
between a PLM cell and the somite was significantly reduced in both jamla 
and jam2a morphants compared with uninjected embryos (Extended 
Data Fig. 5n). The effects of jam2a MOs were further validated in jam2a 
mutants (jam2a'"*!"), Approximately 80% of homozygous jam2a!"??!? 
embryos showed nearly undetectable expression of runx1 and cmyb in 
the dorsal aorta and rag] in the thymus (Extended Data Fig. 6a-g). More- 
over, approximately 85% of homozygous jam2a'"*?!” embryos showed 
delayed PLM cell migration compared with wild-type embryos (Extended 
Data Fig. 6h, i). Formation of the vasculature, however, was grossly normal 
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Figure 2 | PLM cell migration is delayed in jam1a 
morphants. a-f, The expression of fli in 
uninjected, jamla MOatg-, or MOex7-injected 
embryos. Arrowheads indicate a subset of flil~ 
cells that did not reach the midline by 17 hpf. 

g, h, Time-lapse images of flil:GEP; 
phlidb1:mCherry double-transgenic embryos. The 
regions from the tenth to twelfth somite are shown 
at each time point. Arrowheads indicate a subset of 
flil:GFP* cells that did not reach the midline. 

i, j, Transverse sections of flil:GFP; 
phlidb1:mCherry embryos uninjected (15.5 hpf) or 
injected with jamla MOatg (16 hpf). High 
magnification views of the boxed regions are 
shown in the right panels. Dotted lines indicate the 
contact surface area between PLM cells (arrows) 
and somitic cells. Bars, 10 pm. k, 1, The number of 
somites was counted in jamla MO control- or 
MOatg-injected embryos at 14 hpf based on the 
expression of desma. The average numbers of 
somites in embryo groups are shown on each 
graph. There was no significant difference between 
jamla MO control- (n = 28) and MOatg-injected 
embryos (n = 26, P = 0.61, by Student's t-test). 

ss, somite-stage. Data are representative of two 
independent experiments with two different 
clutches of embryos (a-f, k, I) or three embryos 

(i, j) or three independent experiments with nine 
embryos (g, h). 


Figure 3 | Loss of somitic jam2a phenocopies the 
Jam1a defect. a, Expression of jam2a at 16 hpf. 
b, Relative expression levels of jam1a and jam2a in 
purified flil:GFP* and alpha-actin:GFP" cells at 
14hpf. Error bars, s.d. c, A transverse section of a 
flil:GFP embryo stained with jam2a (purple, white 
arrowheads) and anti-GFP antibody (brown, black 
arrowheads) at 16 hpf. The right panel shows a high 
magnification view of the boxed region. d, Co- 
immunoprecipitation (Co-IP) using anti-Flag 
antibody. The immunoprecipitates were examined 
by western blotting using anti-Flag or anti-HA 
antibody. Inputs represent 10% of cell lysates used 
in the Co-IP experiment. Arrowheads indicate 

40 kDa. e, A schematic diagram of the proximity 
ligation assay (PLA). f, A representative result of 
Duolink PLA. The right panel represents a high 
magnification view of the boxed region. 
Arrowheads indicate PLA signal. g-j, The 
expression of runx1 and efnb2a in uninjected or 
jam2a MOatg-injected embryos. Arrowheads 
indicate the dorsal aorta. k, The expression of fli] in 
jam2a MOatg-injected embryo at 17 hpf. 
Arrowheads indicate a subset of flil™ cells that did 
not reach the midline. 1, The number of somites 
was counted in jam2a MOatg-injected embryos 
(n= 26) at 14 hpf based on the expression of desma. 
Average somite number is shown on the graph. ss, 
somite-stage. Data are representative of two 
independent experiments with two different 
clutches of embryos (a-c, g-I) or three 
independent experiments (d, f). 
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Figure 4 | Notch signalling is depleted in jamla 
morphants. a, b, Transverse sections of Tp1:GFP; 
flil:DsRed embryos uninjected or injected with 
jamla MOatg at 18 hpf. Green and red channels 
and merges of the boxed regions are shown in the 
lower panels. Arrows indicate flil :DsRed* cells. he, 
hypochord. c-f, Flow cytometric and gene 
expression analysis of Tp1:GFP; flil:DsRed 
embryos. Representative results of flow cytometric 
analysis at 22 hpf (c), the mean fluorescent 
intensities of GFP in Tp1:GFP"; flil:DsRed* 
populations (d), relative expression levels of runx1 
in the Tp1:GFP"®" and Tp1:GFP°”’" population 
of flil:DsRed” cells in wild-type embryos at 22 hpf 
(e), and the percentages of Tp1:GFP"8" in 
flil:DsRed* populations at 22 hpf (f) are shown. 
Blue gates a and red circles indicate the tpt: GFP"; 
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uninjected or injected with jam1a MOatg at 28 hpf. 
Arrows indicate relatively low activation of 
Tp1:GFP in the ventral floor of the DA. Bars, 

10 pm. k, 1, Acridine orange (AO) staining under 
the flil:DsRed background in uninjected or jamla 
MOatg-injected embryos at 30 hpf. Arrowheads 
indicate AO-stained apoptotic cells. m, Relative 
expression levels of notch1a, notch1b, and notch3 in 
purified flil:GFP* cells obtained from uninjected 
or jamla MOatg-injected embryos at 18 hpf. 
Error bars, s.d. n-q, The expression of dic and dld 
in uninjected or jamla MOatg-injected embryos at 
14hpf. r-u, The expression of runx1 at 26 hpf. 
Embryos were uninjected, injected with jamla 
MOatg alone, or co-injected with jam1la MOatg 
and dlc or dld mRNA. Data are representative of 
two independent experiments with four embryos 
(a, b, h, j), eight embryos (g, i, k, 1), four different 
clutches of embryos (c-f), or two different clutches 


jam1a MOatg 
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Uninjected jam1a MOatg of embryos (m-u). 
runx1 s runxt | runx1 runx1 
ie EOS ; Y eal : cae 
28 hpf q + dlc + dld 
in jam2a"**! embryos (Extended Data Fig. 6j-0). These phenotypes some flil:DsRed* endothelial cells strongly expressed Tp1:GFP in the 


are consistent with those in jamla morphants, suggesting that Jamla- 
Jam2a interactions are involved in both PLM cell migration and HSC 
specification. 

Despite a large reduction in embryonic HSC number, approximately 
50% of homozygous jam2a"“**!° animals were viable and showed almost 
normal haematopoiesis in the adult kidney (Extended Data Fig. 6p, q). 
Further studies will be required to understand how haematopoiesis can 
recover in jam2a"?7!” animals during development. Perhaps related to 
this observation, a dispensable role for Jam2 in adult haematopoiesis has 
also been reported in mice’”’®. 

To better understand how both jam1a and jam2a morphants show 
impaired HSC specification, we considered possible signal transduc- 
tion mechanisms from the somite. Because our recent work demon- 
strated that two somitic Notch ligands, Dlc and Dld, are essential for HSC 
specification’, and because Notch is a juxtacrine signal that requires close 
contact between adjacent cells, we prioritized analysis of the Notch sig- 
nalling pathway. To test the hypothesis that Jamla—Jam2a interactions 
facilitate Notch signal transmission between the PLM and somite, we 
first examined the activation of Notch signalling in jam1a morphants 
using a Notch reporter line, Tp1:GFP, which expresses GFP under the 
control of tandem Notch responsive elements”. In wild-type embryos, 
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midline at 18 hpf (Fig. 4a). In jam1a morphants, by contrast, most of 
the flil:DsRed™ cells showed weak or no expression of the Tp1:GFP 
reporter at the same stage (Fig. 4b). The expression levels of Tp1:GFP in 
flil:DsRed* cells were further quantified by flow cytometry (Fig. 4c). 
The mean fluorescence intensity of GFP in the Tp1:GFP” ; flil:DsRed* 
population was significantly lower in jam1a morphants than in unin- 
jected embryos (Fig. 4d). In wild-type embryos, runx1 is highly expressed 
in the Tp1:GFP"®" fraction of flil:DsRed* cells at 22 hpf (Fig. 4e), sug- 
gesting that HSC precursors are enriched in this population. Notably, 
the percentage of Tp1:GFP"®"; flil:DsRed* cells was significantly lower 
in jam1a morphants (Fig. 4f). At 28 hpf, Tp1:GFP was highly expressed 
in the dorsal aorta in wild-type embryos (Fig. 4g, h). Interestingly, in 
jamla morphants, Tp1:GFP expression was weak and discontinuous 
along the floor of the dorsal aorta (Fig. 4i, j), the site of HSC emergence’®"’. 
In addition, we observed many apoptotic cells along the aortic floor in 
jaml1a morphants (Fig. 4k, 1), suggesting that, in the absence of Notch 
signalling, HSC precursors fail to be specified and undergo apoptosis. 

To test whether ectopic activation of Notch signalling is sufficient to 
rescue HSCs in jam1a morphants, we enforced expression of the Notch 
intracellular domain (NICD), a dominant activator of the Notch pathway’ A 
using combined hsp70:Gal4; UAS:NICD transgenic lines. Heat-shock 
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induction of NICD at 14hpf rescued the expression of runx1 in the 
dorsal aorta in jam1a morphants (Extended Data Fig. 7a, b), similar to 
that shown previously for rescue of mind bomb (mib) mutants or wnt16 
morphants**. The expression of runx1 was also rescued in jam1a mor- 
phants when NICD was induced in the PLM using the flil:Gal4 line 
(Extended Data Fig. 7c, d). Similar results were obtained in jam2a 
MOatg-injected embryos (Extended Data Fig. 7e, f). 

At 15hpf, migrating flil:GFP* cells were observed to make direct 
contact with dlc* or did” somitic cells (Extended Data Fig. 8a, b), indi- 
cating that PLM cells may receive Notch signalling via presentation of 
somitic Notch ligands. We observed low activation of Tp1:GFP in en- 
dothelial cells in wnt16 morphants (Extended Data Fig. 8c—g), which 
show a reduction in somitic dlc and dld*. This suggests that Notch sig- 
nalling in endothelial cells is activated at least in part by somitic Dlc 
and/or Dld. We investigated the expression of somitic Notch ligand genes 
(dlc and did) as well as aortic Notch receptor and ligand genes (notch1a, 
notch1b, notch3, dlc and delta-like 4 (dll4)) in jamla morphants. Impor- 
tantly, each was expressed normally in jamla morphants (Fig. 4m-q, 
Extended Data Fig. 9a—h), suggesting that the defect in Notch signal- 
ling in jam1a morphants is due to low Notch signal transmission rather 
than to misregulation of Notch signalling components. Consistent with 
this postulate, we observed less contact surface area between migrating 
PLM cells and the somite in both jam1a and jam2a morphants (Fig. 2i, j, 
Extended Data Fig. 5m, n), which correlates with low activation of Notch 
signalling. Our hypothesis is further supported by an additional rescue 
experiment in which dlc or did is globally overexpressed in jam 1a mor- 
phants to present more Notch ligand to HSC precursors. As presented in 
Fig. 4u, the expression of runx1 in the dorsal aorta was almost fully 
rescued by co-injection of did messenger RNA (mRNA) along with the 
jamla MOatg, whereas runx1 expression was only partially rescued 
following co-injection with dlc mRNA (Fig. 4r—u). Furthermore, the ex- 
pression of Tp1:GFP was also restored in the ventral floor of the dorsal 
aorta by co-injection with dlc or dld mRNA (Extended Data Fig. 9i-p). 
These data confirm that the impairment of HSC specification in jamla 
morphants is caused by inadequate activation of Notch signalling in HSC 
precursors and suggest that Jama and Jam2a normally mediate the phys- 
ical interaction between these precursors and the somite, which is required 
for efficient Notch signal transmission (Extended Data Fig. 10). 

It has been reported that the overall levels of Notch signal transmis- 
sion is proportional to adhesion strength between Notch receptor- and 
ligand-expressing cells”. Our data demonstrate that runx1 is highly ex- 
pressed in the Tp1: :GEP" sh nopulation of endothelial cells (Fig. 4e), 
suggesting that a relatively high level of Notch signalling is required 
to generate HSC fate. These findings strongly suggest that efficient Notch 
signal transduction in HSC precursors requires intimate intercellular 
contact mediated by Jam proteins. Moreover, our data suggest that HSC 
fate is established much earlier than previously appreciated, during the 
axial migration of PLM cells, which is well before formation of the dorsal 
aorta. These new findings may provide key insights into the timing and 
tissue interactions needed to instruct HSC fate, which should help 
inform in vitro approaches to generate HSCs from pluripotent stem 
cells. 


METHODS SUMMARY 


For morpholino knockdown experiments, zygotes were injected with 1 nl of mor- 
pholino oligonucleotides (MOs, GeneTools). MO concentrations used were: jam1a 
MOatg (100 1M), jamla MO control (100 4M), jamla MOex7 (300 UM), jam2a 
MOatg (300 LM), jam2a MOex5 (400 1M), and wnt16 MO2 (5 ng nl ') Fluorescent 
images were captured using an SP5 inverted confocal microscope (Leica) as prev- 
iously described’*. Flow cytometry, qPCR, in situ hybridization, histology, Duolink 
PLA, immunoprecipitation, and western blotting were performed as described in the 
Methods section. 
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Monoallelic point mutations of isocitrate dehydrogenase type 1 
(IDH1) are an early and defining event in the development of a sub- 
group of gliomas’ and other types of tumour*®. They almost uni- 
formly occur in the critical arginine residue (Arg 132) in the catalytic 
pocket, resulting in a neomorphic enzymatic function, produc- 
tion of the oncometabolite 2-hydroxyglutarate (2-HG)’*, genomic 
hypermethylation” "’, genetic instability and malignant transformation”. 
More than 70% of diffuse grade II and grade III gliomas carry the 
most frequent mutation, IDH1(R132H) (ref. 3). From an immuno- 
logical perspective, IDH1(R132H) represents a potential target for 
immunotherapy as it is a tumour-specific potential neoantigen with 
high uniformity and penetrance expressed in all tumour cells'*"*. Here 
we demonstrate that IDH1(R132H) contains an immunogenic epi- 
tope suitable for mutation-specific vaccination. Peptides encompass- 
ing the mutated region are presented on major histocompatibility 
complexes (MHC) class II and induce mutation-specific CD4* T- 
helper-1 (Ty1) responses. CD4* Ty1 cells and antibodies sponta- 
neously occurring in patients with IDH1(R132H)-mutated gliomas 
specifically recognize IDH1(R132H). Peptide vaccination of mice 
devoid of mouse MHC and transgenic for human MHC class I and 
II with IDH1(R132H) p123-142 results in an effective MHC class 
II-restricted mutation-specific antitumour immune response and con- 
trol of pre-established syngeneic IDH1(R132H)-expressing tumours 
ina CD4* T-cell-dependent manner. As IDH1(R132H) is present in 
all tumour cells of these slow-growing gliomas’*, a mutation-specific 
anti-IDH1(R132H) vaccine may represent a viable novel therapeutic 
strategy for IDH1(R132H)-mutated tumours. 

To explore the immunogenicity of IDH1(R132H), 10-mer and 15-mer 
peptide libraries were generated encompassing the mutated (R132H) 
and the corresponding wild-type residue of human IDH1 (Extended 
Data Fig. la—c). Neither interrogation of MHC binding prediction algo- 
rithms nor T2 binding assays (Extended Data Fig. 1d-f) demonstrated 
peptide binding to the common MHC class I allele human leukocyte 
antigen (HLA)-A*0201. In contrast, as shown by MHC class II bind- 
ing assay, 15-mer peptides bound to the common MHC class II allele 
HLA-DRB1*0101 (Fig. 1a and Extended Data Fig. 1g). Vaccination of 
MHC-humanized HLA-A*0201 HLA-DRA*0101 HLA-DRB1*0101 
transgenic mice devoid of mouse MHC (A2.DR1 mice) (ref. 16) with a 
p123-142 (R132H) peptide resulted in a robust interferon (IFN)-y T-cell 
response corresponding to the demonstrated peptide HLA-DRB1*0101 
binding strengths. Importantly, the T-cell response discriminated bet- 
ween mutated and wild-type IDH1 peptides (Fig. 1b, c and Extended 


Data Fig. 1h, i). T-cell responses were restricted to long peptides, abro- 
gated by an antibody against heterodimeric HLA-DRA (HLA-DR block- 
ing antibody), and not induced by stimulation with 10-mer peptides, 
suggesting class II-restricted CD4* T-cell responses (Fig. 1b, cand Ex- 
tended Data Fig. 1j) with a predominant T};1 phenotype as evidenced 
by an IDH1(R132H)-specific T-cell line (Fig. 1d-f, Extended Data Figs 
2a-c and 3a-c, and Supplementary Note 1).CD4* T-cell responses are 
usually associated with an antibody response. Accordingly, in the serum 
of mice immunized with p123-142 (R132H) but not of control mice, 
mutation-specific anti-IDH1 (p123-142) antibodies were detectable (Fig. 1g 
and Extended Data Fig. 4a, b). Collectively, these data indicate that pep- 
tides covering the mutated region of human IDH1 induce a mutation- 
specific CD4~ T-cell and antibody response in a human MHC context. 

To assess clinical relevance, patients with gliomas and healthy con- 
trols (Extended Data Tables 1 and 2) were screened for spontaneous 
peripheral T-cell responses against IDH1(R132H). In 4 of 25 patients 
harbouring IDH1(R132H)-mutated gliomas but in none of 29 patients 
with an IDH1 wild-type glioma, IDH1(R132H)-specific IFN-y-producing 
T cells were detectable (Fig. 2a—c). As expected, the IDH1(R132H)-specific 
T-cell responses detectable in patients with IDH1(R132H)-mutated 
gliomas were not evoked by the 10-mer peptides (Fig. 2d and Extended 
Data Fig. la, b), were abrogated by an HLA-DR blocking antibody 
(Fig. 2e) and were predominantly CD4* (Fig. 2f). HLA typing of IDH1 
(R132H)-positive glioma patients revealed no clear restriction to a par- 
ticular HLA type (DRB1*1001;15, DRB1*07;15, DRB1*01;04 and DRB1* 
03;13, respectively) (Supplementary Note 2 and Extended Data Table 1), 
supporting the notion that the class II epitope of IDH1(R132H) is pro- 
miscuous with respect to HLA class II type as suggested by the vacci- 
nation studies in HLA-DRB1*0401 transgenic mice (DR4 mice) (Extended 
Data Fig. 2a—c). IDH1(R132H)-specific antibodies with predomination 
of IgG1 subclass were detected in 4 of 42 patients with IDH1(R132H) 
but notin 47 patients with IDH1 wild-type tumours and not in healthy 
donors (Fig. 2g, Extended Data Fig. 4c—e and Supplementary Note 2). 
Collectively, these data indicate that R132H-mutated IDH1 is naturally 
processed in glioma patients to present an immunodominant epitope 
in the p123-142 region on MHC class II molecules to CD4* T cells to 
induce a spontaneous mutation-specific T};1-polarized response and 
the production of mutation-specific antibodies detectable in patients with 
IDH1(R132H)-mutated but not IDH1 wild-type gliomas. 

Next we analysed processing of the IDH1(R132H)-containing epi- 
tope and antitumour effects of the R132H-specific immune response. 
Whole-tumour cell vaccination of A2.DR1 mice with IDH1(R132H), 
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a d f All T cells Figure 1 | IDH1(R132H) peptide vaccination 
¢ 12 at i200) ssa 101417 “| ~~ induces Ty1 and humoral responses in A2.DR1 
a 1.0 E mice. a, DR1-binding IDH1(R123H) 15-mer 
2 08 3 epitopes identified by Reveal Class II binding assay. 
2 06 z Immediate binding (yellow) and 24-h stability 
3 0.4 g (red) are shown. b, c, ELISpots of IFN-y splenocyte 
= 02 3 more ae Gs Lesponses to 15-mers (b) and 10-mers (c) after 
ar rr Pacific blue-A vaccination with IDH1(R132H) in CFA (red, 
oh ob Sy wo wm © 2 oe 1 : 4 1.0 Flow-through IDH1(R132H) (p123-142); blue, wild-type IDH1 
CEL EES HS ‘ hates oe 3 A 105! 25 (p123-142); black, IDH1(R132H) library; p123- 
b “ e As 0011 1 142 (R132H versus wild type), Welch t-test; library, 
9 250 P = 0.028 2 250 oe ae ra 402 ANOVA; n = 3 biological replicates). Error bars, 
8 bse P=0.006 - Sag ' () mean + s.e.m. d, e, ELISpots (white, MOG; black, 
7 & 10 vehicle; red, IDH1(R132H); blue, wild-type IDH1; 
4 150 5 1905) 01446 ee To Joe toe ~-: HLA-A, IDH1(R132H) plus HLA-A blocking 
g 100 g 1009 P=0.420 | Pacific blue-A antibody; HLA-DR, IDH1(R132H) plus HLA-DR 
% 50 2 50 rain sas a blocking antibody; HLA-A + HLA-DR, 
z , : [1 z IDH1(R132H) plus HLA-A and HLA-DR blocking 
A Le" ee aes Se, SF SS 8 e we < Oo antibodies; d; Welch t-test; R132H versus wild type; 
“e PP PPM MP PSS W 10 0.1 ug ml” wild type versus MOG, P = 0.41; 
es x 102 1.0 pg ml! wild type versus MOG, P = 0.20;n = 3; 
c P=0.135 g “ oy error bars, mean + s.e.m.; e; pairwise Welch 
2 3007  P=0.039 20 P=0.029 0 icope hares 10° t-test with Bonferroni correction; n = 2; error bars, 
3 o50 g i ae IDH1(R132H) mean + s.e.m.). f, IFN-y secretion assay (flow 
= 200 2 14 108 56.4 through, IFN-y-negative fraction) of an 
: 460 P= 0.008 1 28 5 é < 10° IDH1(R132H)-specific T-cell line. Red numbers in 
g $8 ee f indicate populations in per cent. n values in d and 
3 2 6 a i ; 
2 Q 4 — e indicate number of technical replicates. 
é ‘ eco ss %P Ash one z 10 g, Detection of IDH1(R132H)-specific IgG in 
, w Fad e x, ee e Ks O iP ra Ra RS Rs RS RS s . Sie ToS “FoF serum after vaccination with IDH1(R132H) (red) 
oe tO EE ELE SS HI ee Racine biue A and vehicle (black) using Montanide (Welch t-test; 
es aed n= 3 biological replicates). Scatter plot showing 
individual values. OD, optical density, absorbance. 
b d Figure 2 | Spontaneous T;;1 and humoral 
WT o pad IDH1(R132H)-specific responses are detected 
9g 175 = in IDH1(R132H)* glioma patients. 
& 150 3 a, b, Representative ELISpots of IFN-y PBMC 
” % 125 9 responses of patients p037 (a) and p001 (b) to 
n _ § 100 4 IDH1 p123-142 (R132H and wild type (WT)). 
MOG Vehicle g 7 8 Error bars, mean + s.e.m., n = 2 technical 
& 50 = replicates. c, d, ELISpots of IFN-y PBMC responses 
> 25) == £ of patients with IDH1(R132H)-mutated gliomas 
a - x 0 BE Vance ae a aa 2 Rs (c red, n = 25; d, n = 23) or wild-type IDH1 
. Rey ea area gliomas (c, blue, n = 29) to IDH1 p123-142 
RPM ELD PPS oy é ‘ 
(c, R132H and wild type) or R132H 10-mer 
c sare ae ae Wiipi2s-142 e aa P= 0.001 peptides (d). Fisher’s exact test (c). Welch 
300 ea 300 2 PD i 0.002 ANOVA; PMA-+I, phorbol myristate acetate + 
@ 050 @ 960 8 350 ionomycin, positive control (d). Scatter plots 
g S © 300 showing individual values (after subtraction of 
- 200 = eve 6 250 MOG- induced spots, negative values set to zero). 
g 1507 g 150 cca ELE B, 200 Dashed line in c indicates cut-off for positivity. 
= 100 i = 100 8 = e, ELISpot of IFN-y PBMC responses of patient 
aa ices dr SS ey Seae et eceeaecs ie p037 to IDH1 p123-142 (red, R132H; blue, wild 
ol $233 Aa ot sae z ,iC sa a type) including HLA-DR block (Welch t-test; n = 3 
R132H WT R132H WT MOG Vehicle WT R132H HLA-DR technical replicates). Error bars, mean + s.e.m. 
f, IFN-y secretion assay of PBMCs from patient 
f Slow-through IDE ME ISeH) g pats p037 (flow through, IFN-y-negative fraction). Red 
ia 0.81 7 : if <—S ae = numbers indicate populations in per cent. 
< 10" <0 ‘aie 104 ° g, Detection of IDH1(R132H)-specific IgG in 
103 fL102 ; oj ° serum of patients with IDH1(R132H) (n = 42), or 
10 9 402 § » 5, 3S 34 wild-type IDH1 (n = 47) gliomas, or healthy 
oj oj » lee Qo 7] donors (n = 4) (Fisher’s exact test). Scatter plot 
O18 10 ORG? I AS ee Bie 18 10 1S showing individual values. Dashed line indicates 
EGA De Race Biden g a cut-off for positivity set to 5. 
: MOG SEB & Jo saat SSeSSiriae 
a 10.1 ise a oles . 4 
= 10% Pal O 34 @@ jz 
i 108 Lge 2] is rn a 
* 10? 102 14 A a" 
= FC : ‘ 0 Ak 
O10? “108 “To* 405 O10? 108 104 “708 ioe 70? 10" 108 : ” i 
FITC-A: CD3 FITC-A Pacific blue-A a i 
CDs. — > CD4 ————_» 


21 AUGUST 2014 | VOL 512 | NATURE | 325 
©2014 Macmillan Publishers Limited. All rights reserved 


LETTER 


Vaccinated 


Sham 


P = 0.0003 


100 


R132Ht cells per 
0.0085 mm$ tumour 


IM |Hal 


b IDH1(R132H) tumours e 
225 
= 200 P=0.002 = 
—€ = 
is 175 — 
g 150 g 
«125 Et 
5 100 5 
B 7 = 
ee) e 
25 
0) 
01234567 8 9101112131415 
Time after inoculation (days) 
IDH1 WT tumours f 
350 22574 
e300 — 2004 
— = a: 4 
= 250 P=0.931 E 175 
= = 1507 
£. 200 2 4254 
G 
5 150 5 1004 
Q fo] 
£100 e 757 
5 
e F 504 
50 254 
(0) i?) 


I 
0 2 4 6 8 10 12 14 16 18 20 22 
Time after inoculation (days) 


0123 4 5 6 7 8 9 1011 12 
Time after inoculation (days) 

Figure 3 | IDH1(R132H) peptide vaccination reduces IDH1(R132H)* 
tumour growth in A2.DRI mice. a, ELISpot of IFN-y splenocyte responses to 
IDH1 p123-142 (R132H (RH) or wild type (WT)) after whole-tumour cell (red, 
IDH1(R132H)'; black, wild-type IDH1°) vaccination (Welch t-test; n = 4). 
Scatter plot showing individual values (after subtraction of MOG-induced 
spots; negative values set to zero) and the mean. b, Growth of subcutaneous 
sarcomas (IDH1(R132H)* or wild-type IDH1°) after preventive vaccination 
with IDH1(R132H) (red) or vehicle (black) (Wilcoxon rank-sum test for 
median area under the curve (AUC); n = 8 IDH1(R123H), vaccination; n = 6 
wild-type IDH1, vaccination; n = 5 IDH1(R132H) and wild type, sham). 
Error bars, mean + s.e.m. c, d, IDH1(R132H) expression in subcutaneous 
sarcomas (IDH1(R132H)* or wild-type IDH1°) after preventive vaccination 
with IDH1(R132H) (vaccination, red) or vehicle (sham, black). Representative 
images (c) and scatter plot showing individual values and the mean (d, Welch 
one-way ANOVA and pairwise Welch t-tests with Bonferroni correction after 
log, transformation; n as in b) are shown. e, f, Growth of pre-established 
subcutaneous tumours (e, IDH1(R132H)*; f, NY-ESO-1*) after vaccination 
with IDH1(R132H) (e) or NY-ESO-1 (f) (vaccination, red) or vehicle 
(black) (Wilcoxon rank-sum test for median AUC; n = 7). Error bars, 
mean ~ s.e.m. All n values indicate numbers of biological replicates. 


but not IDH1 wild-type, A2.DR1 sarcomas (Extended Data Fig. 5a-e) 
induced a robust IDH1(R132H)-specific T-cell response, indicating that 
IDH1 is indeed endogenously processed to present the R132H-containing 
epitope on HLA-DRA*0101 HLA-DRB1*0101 (DR1) (Fig. 3a). An indu- 
cible antitumour immune response in vivo was demonstrated by vaccina- 
tion of A2.DR1 mice with IDH1(R132H) (p123-142), which resulted 
in a growth suppression of subsequently transplanted IDH1(R132H), 
but not IDH1 wild-type, A2.DR1 sarcomas (Fig. 3b and Extended Data 
Fig. 5f, g). Importantly, IDH1(R132H) * tumours, which resisted vac- 
cination, displayed greatly reduced IDH1(R132H) expression whereas 
sarcomas in the control group retained their IDH1(R132H) expression 
(Fig. 3c, d). The IDH1(R132H) peptide vaccine also suppressed the growth 
of pre-established IDH1(R132H) * sarcomas (Fig. 3e and Extended Data 
Fig. 5i, j) without any overt toxicity or impairment of IDH1 wild-type 
enzymatic activity (Extended Data Table 3 and Extended Data Fig. 5h). 
This therapeutic effect compared well with another HLA-DRB1*0101- 
restricted peptide vaccine targeting a different, well-studied tumour- 
associated antigen: NY-ESO-1 (Fig. 3f, Extended Data Fig. 6a-d and 
Supplementary Note 3). 

Although there is increasing evidence that antigen-specific cytotoxic 
CD4* T cells are in principle capable and sufficient to exert antitumour 
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Figure 4 | Growth suppression of pre-established IDH1(R132H)* tumours 
by IDH1(R132H) peptide vaccination is dependent on Ty cells. a, IFN-y 
secretion assay of splenocytes pooled from 5 A2.DR1 mice vaccinated with 
IDH1(R132H) or vehicle (sham). b, c, CD3 expression in IDH1(R132H)* 
sarcomas after vaccination with IDH1(R132H) (red) or vehicle (sham, black). 
Representative images (b) and scatter plot showing individual values and 

the mean (c, Welch one-way ANOVA and pairwise Welch t-tests; n = 5). 

d, CD4* T cells in five pooled IDH1(R132H)* sarcomas (TIL) after 
vaccination with IDH1(R132H) or vehicle (sham) and IDH1(R132H)-specific 
T-cell line stained with IDH1(R132H) and control (CLIP) tetramers. e, Growth 
of subcutaneous IDH1(R132H)* sarcomas after depletion of CD4* T cells 
and vaccination with IDH1(R132H) (blue; depletion + vaccination; red, 
vaccination; black, sham; Wilcoxon rank-sum test for median AUC with 
Bonferroni correction; n = 6; n = 7 for vaccination). Error bars, mean + s.e.m. 
All n values indicate number of biological replicates. 


immunity’””’, the relevance ofa CD4* T-cell-mediated antitumour im- 
mune response in the absence of an MHC-class-I-restricted CD8* T- 
cell response is still controversial. Analyses of T cells recovered from 
IFN- secretion assays after immunization of A2.DR1 mice with p123- 
142 (R132H) confirmed that CD4~ but not CD8* T cells were antigen- 
specific (Fig. 4a and Extended Data Fig. 7a). In addition, IDH1(R132H) * 
A2.DRI1 sarcomas were specifically infiltrated by IDH1(R132H) HLA- 
DRB1*0101 tetramer-positive T cells (Fig. 4b-d). Finally, depletion of 
CD4* T cells abrogated the therapeutic effects of the IDH1(R132H) 
vaccine, indicating that the therapeutic efficacy is dependent on CD4* 
T cells (Fig. 4e and Extended Data Fig. 7b). Interestingly, the vaccine- 
mediated control of tumour growth was also abrogated when CD19* 
B cells were depleted, suggesting a contribution of B cells to the thera- 
peutic efficacy of the IDH1(R132H) vaccine (Extended Data Fig. 7c-e 
and Supplementary Note 4). 

In summary, we show that IDH1(R132H) represents a tumour- 
specific neoantigen recognized by CD4* IFN-y-producing T cells in 
patients with IDH1(R132H) tumours and that an IDH1(R132H) vaccine 
induces a specific antitumour immune response against IDH1(R132H)- 
mutated tumours in an MHC-humanized animal model. These data 
underline that mutant IDH may serve as a therapeutic target not 
only through drug-mediated inhibition of the neomorphic enzymatic 
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function?” but also through T-cell-based targeting of the mutant epi- 
tope in a disease where the target is an early event in tumorigenesis and 
hence expressed in all tumour cells, which makes immunological es- 
cape unlikely to occur (Supplementary Note 5). Conceptually, patients 
with low-grade and anaplastic gliomas with a high prevalence of the 
IDH1(R132H) mutation represent a patient population that may par- 
ticularly benefit from a tumour vaccine, because these tumours may 
remain stable or minimally growing for several years but will inevitably 
recur, often with a more malignant phenotype”, and because there is 
currently no maintenance therapy available preventing recurrence of 
this diffusely infiltrating disease in this relatively young and immuno- 
logically competent patient population”. 


METHODS SUMMARY 


IDH1 peptide binding to HLA-A*0201 and HLA-DRB1*0101 was analysed by bind- 
ing prediction algorithms NetMHC and SYFPEITHI, and in vitro T2 and class II 
REVEAL MHC-peptide binding assays. All animal procedures followed the insti- 
tutional laboratory animal research guidelines and were approved by the govern- 
mental authorities. A2.DR1 and DR4 mice were vaccinated with IDH1(R132H) 
(p123-142) peptide in complete Freund’s adjuvant (CFA) or Montanide-ISA51 with 
imiquimod and rmGM-CSF to assess the immunogenicity of IDH1(R132H) in vivo 
by cytokine analysis of splenocytes. IDH1(R132H)-specific CD4* T-cell line and 
clone were generated from splenocytes of vaccinated A2.DR1 mice by re-stimulations 
with autologous, irradiated and p132-142 (R132H)-loaded splenocytes and lim- 
iting dilution for in-depth analysis of IDH1(R132H) T-cell responses. To assess 
processing and presentation of IDH1(R132H) epitopes, a syngeneic sarcoma cell 
line was generated by chemical induction, transduced with IDH1(R132H) and 
wild type, irradiated and used for whole-tumour cell vaccination of A2.DR1 mice. 
Antitumour activity of induced IDH1(R132H) immune responses was shown by 
subcutaneous injection of syngeneic IDH1-expressing sarcoma cell line into prev- 
iously or subsequently vaccinated A2.DR1 mice. Dependence on CD4* T-cell res- 
ponses was shown by in vivo CD4 and CD19 depletion. IDH1 wild-type integrity 
was analysed by enzyme activity measurements in liver and brain. 2-HG production 
of cells and tumours was analysed enzymatically. Peripheral blood mononuclear 
cells (PBMCs) from patients with IDH1(R132H) and IDH1 wild-type gliomas were 
isolated to analyse spontaneous IDH1(R132H)-specific T-cell responses. IFN-y 
ELISpot, cytokine ELISA, intracellular flow cytometry, and IFN-y-secretion assays 
were used to assess cytokine profile and phenotype of specific T-cell responses after 
vaccination, in IDH1(R132H) T-cell line and clone, and of spontaneous T-cell re- 
sponses in glioma patients. IDH1(R132H)-binding IgG was detected with peptide- 
coated ELISA in serum from vaccinated mice, patients and healthy donors. IDH1 
(R132H) expression was analysed by immunohistochemistry in human and mouse 
tumours and by western blot and immunofluorescence in mouse sarcoma cell lines. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Dynamic pathways of —1 translational frameshifting 


Jin Chen! ?, Alexey Petrov’, Magnus Johansson’, Albert Tsai, Sean E. O’Leary” & Joseph D. Puglisi 


Spontaneous changes in the reading frame of translation are rare 
(frequency of 107 * to 10 * per codon)", but can be induced by specific 
features in the messenger RNA (mRNA). In the presence of mRNA 
secondary structures, a heptanucleotide ‘slippery sequence’ usually 
defined by the motif X XXY YYZ, and (in some prokaryotic cases) 
mRNA sequences that base pair with the 3’ end of the 16S ribosomal 
rRNA (internal Shine-Dalgarno sequences), there is an increased 
probability that a specific programmed change of frame occurs, 
wherein the ribosome shifts one nucleotide backwards into an over- 
lapping reading frame (— 1 frame) and continues by translating a new 
sequence of amino acids”’. Despite extensive biochemical and genetic 
studies, there is no clear mechanistic description for frameshifting. 
Here we apply single-molecule fluorescence to track the composi- 
tional and conformational dynamics of individual ribosomes at each 
codon during translation of a frameshift-inducing mRNA from the 
dnaX gene in Escherichia coli. Ribosomes that frameshift into the 
—1 frame are characterized by a tenfold longer pause in elongation 
compared to non-frameshifted ribosomes, which translate through 
unperturbed. During the pause, interactions of the ribosome with 
the mRNA stimulatory elements uncouple EF-G catalysed transloca- 
tion from normal ribosomal subunit reverse-rotation, leaving the 
ribosome in a non-canonical intersubunit rotated state with an 
exposed codon in the aminoacyl-tRNA site (A site). tRNA™* sam- 
pling and accommodation to the empty A site and EF-G action either 
leads to the slippage of the tRNAs into the —1 frame or maintains the 
ribosome into the 0 frame. Our results provide a general mechanistic 
and conformational framework for —1 frameshifting, highlighting 
multiple kinetic branchpoints during elongation. 

Despite detailed biochemical and genetic studies, the mechanism of 
—1 programmed ribosomal frameshifting (PRF) remains poorly under- 
stood, with at least three groups of models attempting to explain frame- 
shifting’*"’. The 3'-hairpin” and 5’ -internal-Shine-Dalgarno sequence” 
(in some prokaryotic cases) pause the ribosome over the slippery sequence, 
which is necessary but not sufficient to drive efficient — 1 PRF. How these 
structural elements induce the pause and operate together to manipulate 
the ribosomal reading frame are not known. During a — 1 frameshift, the 
anticodons of the tRNAs must detach from the mRNA and re-associate 
in the —1 frame. However, this slippage may occur at distinct points 
during the elongation cycle: (1) during accommodation of the A-site 
tRNA‘, (2) subsequent to accommodation, but before peptidyl transfer’, 
(3) during EF-G catalysed translocation”””, or (4) after translocation but 
before the next round of elongation’’. As the exact timing of frameshift- 
ing is unknown, the precise position of the ribosome over the slippery 
sequence during the slippage is unclear*”’. Finally, as —1 PRF has been 
shown to occur at approximately 1% to 80% efficiency depending on the 
sequence’’, what determines whether one particular ribosome will fra- 
meshift or not remains elusive. 

The dynamic and stochastic nature of frameshifting requires direct 
observation of single ribosomes translating multiple codons of an mRNA. 
We harness here single-molecule fluorescence and zero-mode waveguides 
(ZMWs) instrumentation” to track ribosome progression on mRNAs 
and observe —1 translational frameshifting in real-time’. Conforma- 
tional changes underlying elongation, involving rotational movements 
of the small (30S) ribosomal subunit body with respect to the large (50S) 


ribosomal subunit, were monitored during translation by site-specifically 
labelling the 30S with Cy3B and 50S with BHQ-2 (a non-fluorescent 
quencher), allowing for Forster resonance energy transfer (FRET) between 
the two dyes'*’”. During normal translation elongation, aminoacyl- 
tRNA-EF-Tu-GTP ternary complex accommodation to the A site fol- 
lowed by peptide bond formation drives the non-rotated to rotated state 
transition (low to high Cy3B intensity, or high to low FRET), whereas 
EF-G catalysed translocation drives the rotated to non-rotated trans- 
ition (high to low Cy3B intensity)’*. Thus, one round of high-low-high 
FRET (low-high-low Cy3B intensity) corresponds to a single ribosome 
translating one codon (see Extended Data Fig. 1)'*"’. Arrival and depar- 
ture of the dye-labelled ligands such as Cy5-tRNAs and Cy5-EF-G can 
be simultaneously observed as a sequence of fluorescent pulses'*’”. We 
applied this approach to the — 1 frameshift sequence from the dnaX gene 
in the E. coli, which contains an internal Shine-Dalgarno sequence and a 
slippery -A AAA AAG- sequence followed by a RNA hairpin*’*”’. 

We observed — 1 frameshifting directly on a dnaX frameshift sequence, 
designed such that ribosomes that frameshift will translate 9 codons and 
stop at a stop codon in the — 1 frame, whereas ribosomes that do not frame- 
shift will translate 12 codons until a stop codon in the 0 frame (Fig. 1a). 
By delivering total tRNA (tRNA,.,) ternary complex, EF-G, and BHQ- 
50S to immobilized Cy3B-30S preinitiation complexes (30S subunit- 
mRNA- initiator tRNA), we observe ribosomes that translate either the 
full 12 codons or only 9 codons, as measured by the number of intersub- 
unit FRET cycles (see Extended Data Fig. 2). By determining the fraction 
of ribosomes that translate > 9 codons, or translate up to 9 codons, we 
obtain an estimate of the frameshifting percentage (75%), consistent with 
previously observed frameshifting efficiency’* (confirmed independently 
as shown in Extended Data Fig. 2b, c). The Shine-Dalgarno sequence and 
hairpin act as barriers to translocation, so mutations of the potential 
Shine-Dalgarno sequence and removal of the hairpin all decrease fra- 
meshifting efficiency as expected (Extended Data Figs 3 and 4). 

Elongation of the dnaX mRNA is drastically and abruptly perturbed 
at the seventh FRET cycle (codon Lys7). Analysis of rates at each codon 
revealed a tenfold increase in the rotated state (waiting for EF-G and 
translocation) lifetime (96 + 18 s vs ~5-10 s for the other codons) at Lys7, 
corresponding to tRNA“*(GCA,,)-codon pair in the ribosomal peptidyl- 
tRNA site (P site) and the newly incorporated tRNA™(AAA,,4) codon 
pair in the A site (GCA;,; AAA>,), poised for translocation; non-rotated 
state lifetimes (waiting for ternary complex and peptide bond formation) 
remain constant at each codon (Fig. 1b-d). Furthermore by partitioning 
frameshifted vs non-frameshifted ribosomes, an increased rotated-state 
lifetime at codon Lys7 is observed only for frameshifted ribosomes 
(138 + 31s); non-frameshifted ribosomes translate through the frame- 
shift site seemingly unaffected (13 + 4s) (Fig. le, confirmed indepen- 
dently in Extended Data Fig. 2d, and repeated with varying factor 
concentrations in Extended Data Fig. 5). Disruption of the slippery se- 
quence by changing A,, AAA,, AAG»; to G), AAG», AAG>7 (A21G- 
A24G mutant) caused an expected decrease in frameshifting efficiency 
to 12% (background level in our experiments is ~3-10%), while drastic- 
ally decreasing the lifetime at codon Lys7 (25 + 5 s instead of 96 + 18 s) 
(Extended Data Fig. 6). Thus, the long lifetime at codon Lys7 is a hall- 
mark of frameshifting and requires the slippery-site sequence. Partitioning 
between frameshifted and non-frameshifted ribosomes was assumed to 
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Figure 1 | Frameshifting is characterized by a long rotated-state pause. 

a, Schematic of the mRNA used in this study, modified from the dnaX gene. 
b, Schematic of the Cy3B/BHQ ribosome FRET signal, with each low-high-low 
Cy3B intensity cycle representing a ribosome elongating one codon. c, Sample 
traces of Cy3B (green) fluorescent intensity for frameshifted and non- 
frameshifted ribosomes translating with 80 nM EF-G and 1 1M tRNAtot 
ternary complex. Codon Lys7 of the frameshift site is shaded yellow. 


occur during the pause induced by frameshift signal. Instead, we dem- 
onstrate that the initial branch point occurs before the pause, but all 
frameshifted ribosomes exhibit a pause. 

We next determined what is occurring during the pause that is char- 
acteristic of frameshifting. Normally translocation is coupled to ribo- 
some reverse-rotation with deacylated tRNA in the ribosomal exit site 
(E site) departing rapidly after the ribosome reverse-rotates'°. Using Cy3- 
labelled tRNA a we observed E-site tRNA departure directly at the 
frameshift site on a GCA, (Ala) to GUA, (Val) mRNA mutant, with- 
out affecting the frameshifting behaviour (Extended Data Fig. 7). We 
measured the departure of Cy3-tRNAY relative to the Cy5-tRNA™* 
arrival to the AAA», (Lys7) codon in the A site, which defines the start of 
the long rotated-state pause, correlated to peptide bond formation and 
transition to the rotated state: departure of deacylated Cy3-tRNA™™ rela- 
tive to the arrival of CyS-tRNA’® at codon Lys7 estimates when and if 
translocation occurs during the pause. During translation of the dnax 
mRNA, Cy3-tRNA™" departs on average 45 + 11 s after the arrival of Cy5- 
tRNA’ to the Lys7 codon (within a photobleaching time of 196.7 + 
28.1 s). This time decreases with increasing concentration of EF-G, con- 
firming that tRNA departure is linked to translocation (Fig. 2a). How- 
ever, as the Cy3-tRNAY residence time is much shorter than the rotated 
state lifetime (138 s), translocation occurs within the rotated state pause 
and precedes eventual reverse rotation. Thus translocation at Lys7 during 
frameshifting is uncoupled from reverse rotation of the ribosomal sub- 
units and moves the ribosome A and P sites over the slippery sequence 
(AAA,, AAG,7). Translocation in this case is still inhibited through the 
interactions with the hairpin and internal Shine-Dalgarno sequence, with 
time to translocation longer than normal translation. 

Uncoupling of tRNA-mRNA translocation from reverse-rotation and 
E-site tRNA departure creates a non-canonical intermediate in trans- 
lation: the ribosome has a peptidyl-tRNA in the P site, but remains in a 
rotated intersubunit conformation. To delve into the nature of this inter- 
mediate frameshifting state and whether the A site is available for tRNA 
binding, we correlated CyS-tRNA™® binding and departure events with 
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the ribosome FRET signal (Fig. 2b). Although the dnaX mRNA sequence 
consists of 4 Lys codons, 71% of elongating ribosomes exhibit > 4 Cy5- 
tRNAs pulses (Fig. 2c) (equal to the frameshifting percentage). The first 
three tRNA™® pulses (Lys1, Lys5 and Lys7) show arrival rates and life- 
times consistent with elongation dynamics from intersubunit FRET data 
(Extended Data Fig. 8a, b); the third Lys7 pulse corresponds to the ribo- 
some decoding AAA,, at the slippery site (lifetime of 119.4 s, consistent 
with the rotated state lifetime at Lys7). The existence of the fourth and 
subsequent tRNA pulses directly indicate that translocation has occurred 
during the long rotated state and the A site is now available for aminoa- 
cyl-tRNA binding. After uncoupled translocation of the tRNA™* to the 
P site, which would expose the fourth Lys codon (Lys8), tRNA* sam- 
ples the A-site codon multiple times (on average 2.3 times), resulting ina 
buildup of Cy5 intensity (from two Cy5-tRNA™® bound to the ribo- 
some, Fig. 2b, c) even though the rotated state is not the natural substrate 
for tRNA binding to the A site. Mutation of the slippery sequence (A21G- 
A24G) greatly suppresses additional sampling by CyS-tRNA™® (only 
9.9% of elongating ribosomes exhibit > 4 pulses), indicating that mul- 
tiple sampling events on Lys8 are characteristic of frameshifting and the 
long pause. Post-synchronization of the arrival of the fourth sampling 
tRNA’ to the time of uncoupled translocation shows that translocation 
gates the arrival of the sampling tRNA’, confirming that tRNA™* 
is indeed sampling the A-site codon exposed by translocation (Fig. 2d 
and Extended Data Fig. 8). Delivery of tRNA-EF-Tu-GDPNP (a non- 
hydrolysable analogue of GTP) instead of GTP decreases the tRNA pulse 
lifetimes from 38 + 2s to 2.1 + 0.1 s, demonstrating that GTP hydrolysis 
by EF-Tu and subsequent accommodation of the tRNA into the ribo- 
somal A site occur for these long-lived sampling pulses. 

We propose that uncoupled +3 translocation creates weakened codon- 
anticodon-ribosome interactions, and that tRNA*-sampling and accom- 
modation at the AAG», codon presented by the non-canonical rotated 
ribosome drives the ribosome into the — 1 frame and helps re-establish 
codon-anticodon interactions (see Extended Data Fig. 9)**"°. Consis- 
tent with this model, AAA 6 (—1 frame) and AAG» (0 frame) both 
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Figure 2 | tRNA samples the rotated state after uncoupled translocation and 
defines the reading frame. a, Sample trace and time to translocation at the 
frameshift site, which is estimated by Cy3-tRNA (green) departure from the 
E site during frameshifting relative to the arrival of Cys-tRNA"* (red) at codon 
Lys7 (shaded in yellow) on a GCA, (Ala) to GUA; (Val) mRNA mutant. 
As time to translocation is shorter than the rotated state pause, translocation 
from Lys7 to Lys8 occurs during the pause and is uncoupled from reverse- 
rotation. From left to right, n = 337, n = 449 and n = 455. Error bars, 

s.e. b, Sample trace of correlation of the Cy3B/BHQ ribosome FRET signal 
(green) with Cy5-tRNA™® (red), confirming the long pause at codon Lys7 
(shaded yellow). Upon reaching codon Lys7, additional tRNA™* pulses sample 
codon Lys8 in the A site (shaded red), which results in a buildup of Cy5 
intensity from the two Cy5-tRNA™* in the A and P sites of the ribosome. 


encode Lys, but an AAG codon interacts less stably than an AAA codon 
with the UUU anticodon of Lys-tRNA™* because of tRNA modifications 
and wobble pairing at the third position’’', favouring simultaneous 
slippage of the two codon-anticodon interactions in the —1 direction. 
Mutation of the AAG,7 codon to AAA,7 (AAG(AAA) mutant) removes 
this preference, correspondingly decreasing the frameshift percentage to 
49%”. For the frameshifted ribosomes on the AAG(AAA) mutant, the 
characteristic long rotated-state stall (mean lifetime 126 + 38 s) is still 
observed, with tRNA’* sampling driving to the — 1 frame, as for the wild- 
type mRNA. However, there are two populations for the non-frameshifted 
ribosomes: one without the long pause (mean lifetime 8.3 + 1.4) in which 
ribosomes translate unaffected through the frameshift site (as before), 
and a second new subpopulation with a long pause at codon Lys7 (mean 
lifetime 90.8 + 18.6 s) that remains in the 0 frame, with tRNA” sam- 
pling to the 0 frame (Fig. 2e). We also observe similar behaviour when 
changing AAG>7 to UUU27 (AAG(UUU)), eliminating possible slippage 
between the A site and P site tRNA-codon interactions, which decreases 
the frameshifting percentage to 20% (Fig. 2f). These results suggest that 
the long-lived rotated state, with P-site tRNA and an empty A-site codon 
is not sufficient for frameshifting: there is an additional need for slippage 
between the A- and P-site tRNA codon-anticodon interactions. The final 
reading frame is established after uncoupled translocation, and that long- 
lived sampling of the A site by tRNA™® serves to define reading frame 
before the non-canonical state can be resolved. Thus, there is a second 
branch point for reading frame determination during — 1 frameshifting, 
which involves tRNA sampling in the A site (Fig. 2g). 

To examine how the long-lived rotated state is resolved to continue 
translation once reading frame is established, we delivered Cy5—EF-G and 
correlated the EF-G pulses with the ribosome FRET signal (Fig. 3a). During 
the long rotated state, EF-G samples the ribosome multiple times’® (on 
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average >5 times per codon vs 1.3 per codon for non-frameshifting 
codons). Multiple long EF-G pulses (mean lifetime of ~1s vs ~100 ms 
for non-frameshifting codons) are observed at codon 7. These are not 
observed if the slippery site is mutated; instead multiple short EF-G 
sampling events occur to allow translocation (Fig. 3b, c), consistent with 
an increased energy barrier imposed by the hairpin and Shine-Dalgarno 
interactions. For the wild-type mRNA, the long lifetime EF-G pulses occur 
most frequently during and after the uncoupled translocation to codon 
Lys8 (after ~40 s) (Fig. 3d), echoing a cryo-EM structure of a eukaroyotic 
ribosome over a —1 frameshifting signal in the rotated state showing that 
the eukaryotic equivalent of EF-G, eEF2, was trapped on the ribosome””’. 
The long-paused state is finally resolved by EF-G-GTP, as revealed by 
post-synchronization of ribosome reverse-rotation correlated with occu- 
pancy of Cy5-EF-G (Fig. 3e). Thus, EF-G action resolves the frameshift 
state and resumes translation, and may have a role during tRNA™* sam- 
pling to promote the —1 slippage. 

Here we directly tracked translation in real time to follow the dynamics 
of frameshifting, developing a mechanistic model that embraces prior bio- 
chemical and structural studies’”. We propose that the stochastic inter- 
action of the ribosome with the hairpin helix in an open or closed state, 
and/or formation of the Shine-Dalgarno and anti-Shine—-Dalgarno pair- 
ing interaction represent the shunt to either pausing in the rotated state 
(which leads to uncoupled translocation) or normal translation”*. The 
long-lived, rotated ribosomal state contains a peptidyl-tRNA™® in the P 
site and AAG, codon in the A site creating a non-canonical intermediate 
in translation, which is required for frameshifting and probably involves 
weakened tRNA-mRNA-ribosome contacts”*”° and may involve hyper- 
rotation as recently proposed”. This state frustrates the normal action of 
both tRNA-EF-Tu-GTP and EF-G-GTP, accounting for the long pause. 
The repeated sampling of tRNAs to this state during the long pause allows 
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Figure 3 | EF-G samples and resolves the uncoupled rotated state after 
frameshifting. a, Sample trace and schematic of the correlation of Cy3B/BHQ 
ribosome FRET signal (green) with Cy5-EF-G binding (red). Cy5—EF-G pulses 
are correlated with ribosome reverse-rotation at each codon. At the rotated 
state pause (shaded in yellow), multiple EF-G sampling events with long dwell 
times can be observed. b, EF-G sampling and EF-G lifetimes for each codon for 
the wild-type frameshift mRNA. There is an increased number of sampling 
events as well as increased mean EF-G lifetime during the seventh FRET cycle 
(codon Lys7 and Lys8 due to uncoupled translocation). n = 122; error bars, s.e. 


the binding energy of the codon-anticodon pairing to be used to allow 
slippage, whereas both P- and A-site tRNAs are on the ribosome and 
redefine the translational frame; EF-G may facilitate slippage. As recently 
proposed, the tRNA hybrid states may be destabilized, favouring a clas- 
sical-like conformation of the two tRNAs that promotes —1 slippage’’. 
Peptidyl transfer is probably inefficient, as the rotated ribosome probably 
does not position the two tRNAs correctly for peptidyl transfer to occur 
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c, For the A21G-A24G mutant mRNA, there is a slight increase in number of 
sampling events at Lys7 codon due to the increase in energy barrier from the 
hairpin and internal Shine-Dalgarno interaction, but the long EF-G lifetime 
disappears. n = 157, error bars, s.e. d, Two-dimensional histogram plotting 
time at the stalled rotated state vs lifetime of EF-G. Longer EF-G lifetimes only 
appear after uncoupled translocation, as roughly indicated by the red line. 
For the A21G-A24G mutant, no long EF-G lifetimes are observed. n = 122 
(left), n = 157 (right). e, Post-synchronization plot correlating ribosome 
reverse-rotation after the rotated-state pause with EF-G. n = 436. 


efficiently. EF-G eventually resolves the state and continues translation. 
The competition between slow peptide-bond formation and slow trans- 
location explains heterogeneous protein products in prior frameshifting 
studies** (Extended Data Fig. 10). Thus, frameshifting involves both 
EF-G and tRNA, and occurs at an unconventional point during elongation 
after translocation of the ribosome on to the slippery sequence (uncoupled 
with reverse-rotation) but before peptidyl transfer'’ (Fig. 4), though 
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Figure 4 | Branchpoint of pathways and mechanism of dnaX —1 
frameshifting. The first branchpoint during frameshifting is probably due to 
the stochastic interaction of the ribosome with the hairpin in an open or closed 
state, and/or formation of the Shine-Dalgarno and anti-Shine-Dalgarno 
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but uncoupled from reverse ribosomal rotation, creating a non-canonical 
intermediate in translation (denoted Rotated*). The uncoupled translocation 
exposes the A site, to which tRNA’ and EF-G sample. tRNA™S sampling and 
accommodation to the AAG codon and EF-G action stimulates the ribosome to 
slip into the —1 frame. Finally, EF-G catalyses the final reverse-rotation, after 
which the ribosome resumes normal translation. Depending on the system and 
condition, other pathways probably exist. 
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multiple pathways probably exist”’. The interplay of mRNA sequence 
and structure with ribosomal dynamics leads to branchpoints during 
elongation, creating non-canonical paused states that allow unusual 
events in elongation. Such states may be a central feature of transla- 
tional control. 
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METHODS SUMMARY 


Alllabelled ribosomes, factors, and tRNAs were prepared and purified as described'*. 
Unless noted otherwise, all experiments were performed under buffer conditions 
described in Methods. Data collection from ZMW chips was conducted using in- 
strumentations and techniques described previously'**’. Fluorescence traces were 
recorded at 10 frames per second for 8 min, with delivery of ligands to start the 
experiment at t= 10s. Statistical analysis on those traces was also conducted as 
described before’*”*, using a custom software written in MATLAB (MathWorks). 
All error bars presented on figures are standard errors (s.e.). 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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X-ray structures of GluCl in apo states reveal a gating 
mechanism of Cys-loop receptors 


Thorsten Althoff'}*, Ryan E. Hibbs'+*, Surajit Banerjee* & Eric Gouaux’? 


Cys-loop receptors are neurotransmitter-gated ion channels that 
are essential mediators of fast chemical neurotransmission and are 
associated with a large number of neurological diseases and disor- 
ders, as well as parasitic infections’ *. Members of this ion channel 
superfamily mediate excitatory or inhibitory neurotransmission de- 
pending on their ligand and ion selectivity. Structural information 
for Cys-loop receptors comes from several sources including electron 
microscopic studies of the nicotinic acetylcholine receptor’, high- 
resolution X-ray structures of extracellular domains® and X-ray 
structures of bacterial orthologues”-’. In 2011 our group published 
structures of the Caenorhabditis elegans glutamate-gated chloride 
channel (GluCl) in complex with the allosteric partial agonist iver- 
mectin, which provided insights into the structure of a possibly open 
state of a eukaryotic Cys-loop receptor, the basis for anion selectivity 
and channel block, and the mechanism by which ivermectin and re- 
lated molecules stabilize the open state and potentiate neurotrans- 
mitter binding". However, there remain unanswered questions about 
the mechanism of channel opening and closing, the location and na- 
ture of the shut ion channel gate, the transitions between the closed/ 
resting, open/activated and closed/desensitized states, and the mech- 
anism by which conformational changes are coupled between the 
extracellular, orthosteric agonist binding domain and the transmem- 
brane, ion channel domain. Here we present two conformationally 
distinct structures of C. elegans GluC] in the absence of ivermectin. 
Structural comparisons reveal a quaternary activation mechanism 
arising from rigid-body movements between the extracellular and 
transmembrane domains and a mechanism for modulation of the 
receptor by phospholipids. 

We obtained three-dimensional crystals of GluCl in the absence of 
ivermectin by supplementing the previously characterized receptor- 
Fab complex"! with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
(POPC) and either setting up crystallizations immediately or after a 
4-week incubation, which yielded an apo state or a POPC-bound con- 
formation, respectively. The structures of GluCl in an apo state or in 
complex with POPC show a solvent-accessible pathway from the out- 
ermost region of the extracellular domain, through the vase-shaped ex- 
tracellular vestibule, to the transmembrane ion channel pore (Fig. 1a, b, 
Extended Data Fig. 1 and Extended Data Table 1). The ion channel pore 
is lined by the M2 transmembrane helices, with Pro 243 and Leu 254 
occupying key sites at the cytoplasmic and middle portion of the ion 
channel. In the POPC complex, we visualized lipid molecules bound 
between subunits, near the extracellular side of the transmembrane do- 
main, with their head groups wedged between the M1 and M3 helices 
of adjacent subunits (Fig. 1b and Extended Data Fig. Ic, d). 

In the apo state the M2 helices are nearly parallel to the pore axis with 
three narrow regions at Pro 243, Thr 247 and Leu 254 (Fig. 1c). The pore 
is most constricted at Leu 254 (Leu 9’ on the M2, pore-lining helix), 
with the hydrophobic side chain of the leucine residue restricting the 
pore radius to ~1.4 A, too small for the conduction of chloride ions, 


suggesting that Leu 254 forms the shut gate of the ion channel pore 
(Extended Data Fig. 2)'*”*. Previous observations that mutation of Leu 9’ 
perturbs ion channel gating are in harmony with the hypothesis that 
Leu 9’ has an important role in channel function’*"'*. We suggest that 
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Figure 1 | Apoand POPC-bound GluCl. a, Sagittal slice along the pore axis of 
the apo GluCl structure showing the solvent-accessible surface and underlying 
secondary structure. b, Sagittal slice through the pore of GluCl in complex 
with POPC, similar to panel a. Atoms of the POPC head group are visible 
through a fenestration between adjacent subunits. c, Solvent contours of the 
transmembrane pore of the apo GluCl pore showing the M2 helices of subunits 
P and R and the side chains of pore-lining residues, numbered according to 
protein sequence and position in the M2 helix. Small blue spheres define a 
radius >2.8 A and cyan spheres represent a radius of 1.4-2.8 A. d, Contours of 
the POPC-bound pore, similar to panel c. e, Illustration of the pore radii as 

a function of distance along the pore axis for apo, POPC- and ivermectin- 
bound GluCl, along with the open and closed states of GLIC (Protein Data 
Bank accessions 3EAM and 4NPQ). Pore radii in panels c—e were calculated 
using the computer program Hole. IVM, ivermectin. 
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this apo structure of GluCl defines the closed/resting state of this eu- 
karyotic Cys-loop receptor. 

In the POPC-bound structure, the ion channel pore is also straight, 
yet wider than in the apo state, with a constriction at Leu 254 yielding a 
pore radius of ~2.4 A (Fig. 1d), similar in size to the narrow region of 
the pore in the ivermectin-bound state. Comparisons of the pore radii 
of the apo and ivermectin-bound states of GluCl with ELIC (Erwinia 
chrysanthemi ligand-gated ion channel) and GLIC (Gloeobacter violaceus 
ligand-gated ion channel)’-'° show how the dimensions are remark- 
ably similar near the cytoplasmic region of the pore, yet diverge sub- 
stantially at the extracellular entrance (Fig. le and Extended Data Fig. 3). 
While the position of the shut gate in the ‘closed’ GLIC structure is sim- 
ilar to that of apo GluCl, the pore of GLIC is narrower in comparison to 
the pore of GluCl in the area extracellular to the gate. Additional studies 
are required to define the ion-conducting properties of both the ivermectin- 
and POPC-bound states of GluCl. 

Inspection of electron density maps derived from GluCl crystals grown 
in the presence of POPC after an ~4-week incubation with lipid revealed 
prominent densities located between transmembrane segments M1 and 
M3 of adjacent subunits in 8 of the 10 subunit interfaces in the asym- 
metric unit (Extended Data Fig. 4a, b). We modelled these densities as 
POPC molecules with the phosphocholine head group pointing towards 
the centre of the pore and the two alky] tails located on the periphery of 
the transmembrane domain (Fig. 2a, b and Extended Data Fig. 4a, b). 
The region occupied by POPC molecules overlaps with the ivermectin 
site derived from the GluCl-ivermectin complex (Fig. 2b)"’, a binding 
pocket that recent molecular dynamics simulations also identified as 
an intersubunit crevice transiently occupied by, on average, four lipid 
molecules per pentamer’’. 

We screened several lipids in binding assays, finding that 1-palmitoyl- 
2-oleoyl-sn-glycero-3-phosphoserine (POPS) competes for ivermectin 
binding with an inhibition constant (K;) of ~ 167 LM (Fig. 2c and Extended 
Data Fig. 4c, e). Unfortunately POPS, while binding strongly, does not 
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Figure 2 | Phospholipids occupy intersubunit site, compete with ivermectin 
and potentiate glutamate binding. a, b, POPC binding site between M1 
and M3 helices of adjacent subunits viewed parallel (a) and perpendicular (b) to 
the membrane. In b we show the location of the pore by a grey circle and the 
overlap between POPC and ivermectin (shown in ‘sticks’ representation). 

c, Radioligand competition experiment using GluCl and [*H]-ivermectin 
(control) and cold POPC, POPS or ivermectin. d, POPS potentiates glutamate 
binding as demonstrated by a [°H]-1-glutamate binding experiment in 

the presence of POPC, POPS or ivermectin. Bars are normalized to the extent 
of binding in the presence of ivermectin. For panels c, d, experiments were 
carried out three separate times, with experiments done in triplicate. 

Points are mean values and error bars represent s.e.m. 
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yield well-diffracting crystals whereas POPC binds weakly and does not 
measurably compete for ivermectin binding. We therefore used POPS 
in binding experiments and POPC in the structural studies. POPS po- 
tentiates glutamate binding (Fig. 2d), like ivermectin (dissociation con- 
stant (Ky) for L-glutamate in presence of ivermectin is ~0.66 UM)", 
yielding a Kq for glutamate binding of ~1.1 4M (Extended Data Fig. 4d). 
Thus, ivermectin or lipids can occupy the intersubunit crevice within 
the membrane-spanning region of the receptor and potentiate neuro- 
transmitter binding, providing insight into the long-standing obser- 
vation of small molecule and lipid modulation of agonist binding in 
Cys-loop receptors'*’. 

Superpositions of individual subunits from the apo, POPC- and 
ivermectin-bound states demonstrate that the extracellular and trans- 
membrane domains movelargely as rigid bodies, undergoing movements 
relative to one another (Extended Data Fig. 5). Thus, superposition of the 
extracellular domain from a single subunit of the apo and ivermectin- 
bound structures shows that, during activation by ivermectin, the trans- 
membrane domain undergoes a screw-axis-like movement, rotating 
around an axis tipped about 40° off the pore axis and shifting towards 
the extracellular side of the membrane by ~4.5 A. Transition from the 
apo to the ivermectin-bound state thereby involves tilting of the pore- 
lining M2 helix by ~8° ‘away’ from the ion channel, which relieves the 
occlusion of the pore by Leu 254 (Fig. 3a and Extended Data Fig. 6). 

The conformations stabilized by ivermectin and by POPC are mark- 
edly different. In comparing the apo and POPC-bound states, the trans- 
membrane domain undergoes a rotation about an axis approximately 
parallel to the pore, which in turn gives rise to a displacement by ~3 A 
‘away from the pore axis in the plane of the membrane. Together these 
movements lead to an expansion of the ion channel pore while the M2 
helices remain oriented parallel to the pore axis (Fig. 3b). A compar- 
ison of the ivermectin- and POPC-bound states shows a large relative 
movement of the extracellular and transmembrane domains, with the 
M2 helix undergoing a tilt by ~8.7° and a translational movement of 
~6 A (Fig. 3c). Participating in these relative movements of the extra- 
cellular and transmembrane domains is the namesake Cys-loop, which 
is cradled in a concave depression on ‘top’ of the transmembrane helices, 
stabilized by interactions that include the B10-M1 covalent connection 
and the interface between the B1-B2 and M2-M3 loops (Fig. 3a-c)*”°. 

Superpositions of the transmembrane domains of the apo, POPC- 
and ivermectin-bound structures further illustrate the relative confor- 
mational changes between the extracellular and transmembrane domains 
(Fig. 3d and Extended Data Fig. 6). Here we observe mainly two move- 
ments: the upper part of the extracellular domain, as marked by the «1 
helix, twists around the pore axis, and the lower part, as exemplified by 
the B8 strand, tilts towards the centre of the pore. For both movements, 
displacements are largest for the transition to the ivermectin-bound 
state. Loop C does not close the neurotransmitter binding site by an 
independent motion but closure is rather a consequence of the rigid- 
body twist of the extracellular domain of each subunit. While the ob- 
served closure of loop C is mechanistically distinct from that observed 
in AChBP (refs 21, 22), it is consistent with biochemical studies of nic- 
otinic receptors wherein agonist binding results in protection of the tip 
of loop C from reducing reagents”. 

To visualize the conformational changes associated with ivermectin 
binding, we superimposed the transmembrane domains of the (—)- 
subunits for the apo and ivermectin states (Extended Data Fig. 7). In- 
spection of the transmembrane helices in the (+)-subunit shows that 
in the apo state the space between the M3 and M1 helices of the (+)- 
and the (—)-subunits is ‘collapsed’ (Fig. 3e). When ivermectin inserts 
into this site, helices M1-M4 undergo an anticlockwise rotation of ~ 10° 
relative to the pore axis, ‘splaying open’ the intersubunit interface. This 
movement increases the «-carbon distance between Leu 218 (M1) and 
Gly 281 (M3), the latter of which is crucial for ivermectin sensitivity”, 
from ~6.9 A in the apo state to ~9.3 A in the ivermectin complex. The 
M2-M3 loop not only participates in direct contacts with ivermectin 
via Ile 273 (ref. 11), but it also connects helix M3 of the ivermectin site 
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Figure 3 | Conformational changes of extracellular and transmembrane 
domains. a-c, Superpositions of residues 1-211 of the extracellular domains 
illustrate a screw-axis-like conformational change within GluCl subunits. 

a-c, Superposition of apo (blue) and ivermectin (grey) subunits (a), apo and 
POPC (orange) subunits (b) and POPC and ivermectin subunits (c). Panel 

d illustrates relative conformational changes within subunits when the 
transmembrane domains are superposed, using residues 212-342, and the 
same colour coding as in panels a-c. e, Superposition of transmembrane 
domains of the (—)-subunits for the apo and ivermectin structures, illustrating 
relative movements of (+) transmembrane domain. View is from the 


with helix M2 of the ion channel pore, thus providing a direct coupling 
for the binding of ivermectin with the tilting of the M2 helix ~4 A away 
from the five-fold axis and opening of the pore. 

In comparison to ivermectin, the longer POPC head group inserts 
deeply into the intersubunit crevice. Thus, analysis of the POPC com- 
plex relative to the apo state shows that transmembrane segments of the 
(+)-subunit undergo a greater displacement in comparison to the iver- 
mectin complex, with the (+) transmembrane bundle moving ~5.7 A 
towards the ion channel pore (Fig. 3fand Extended Data Fig. 7). Never- 
theless, the separation between subunits is similar to the ivermectin com- 
plex, as measured by the 9.4 A distance between the o-carbons of residues 
Leu 218 (M1; (—)-subunit) and Gly 281 (M3; (+)-subunit). 

A remarkable plasticity of the transmembrane domains is demon- 
strated by comparison of the ivermectin and POPC complexes (Extended 
Data Fig. 7). Here, superposition of the transmembrane regions of the 
(—)-subunit shows that the transmembrane bundle of the (+)-subunit 
from the POPC complex moves ~8.8 A ‘away from the ion channel pore. 
This shift of nearly the diameter of an o-helix results in the (+) M3 helix 
occupying the position of the (+) M2 helix in the ivermectin complex, 
thus showing how, in these two complexes, M2 replaces M3 at the inter- 
face with M2 of the (—)-subunit (Fig. 3g). 

To analyse the changes at the orthosteric glutamate binding site we 
superimposed the extracellular domains of the (+)-subunit, a facet of 
the pocket that harbours multiple elements of the agonist binding site, 
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extracellular side. f, g, Similar superpositions as in panel e for the apo and 
POPC structures (f) and for the POPC and ivermectin structures (g). 

h, Neurotransmitter binding site is more open in the apo state in comparison to 
the POPC and ivermectin states. Superposition of residues in the extracellular 
domain of the (+)-subunit illustrates the relative displacement of residues 
contributing to the neurotransmitter binding site on the (—)-subunit, including 
Arg 37 and Arg 56, in the apo (blue), POPC (orange) and ivermectin (grey) 
states. The POPC-bound state represents an intermediate position between 
the apo and ivermectin-bound states. 


including an aromatic box closed by loop C (refs 6, 11, 21). Following 
this superposition, we see that the B-strands on the (—)-subunit shift 
closer to the (+)-subunit in the POPC and ivermectin complexes, with 
the largest shift seen in the ivermectin-bound state (Fig. 3h). These shifts 
close the binding pocket, moving key residues towards the (+)-subunit 
and thereby, we speculate, strengthening neurotransmitter binding. Con- 
sistent with this notion is our earlier observation that, like ivermectin, 
POPC binding potentiates binding of glutamate. Indeed, in the ivermectin- 
bound conformation the o-carbon atoms of Ser 121 and Arg 56 move 
by 2.2 A and 2.5 A, respectively, from their positions in the apo state 
(Fig. 3h). The positions of neurotransmitter-binding residues in the POPC 
complex are intermediate between their respective positions in the apo 
and ivermectin complex, thus providing an explanation of how lipids, 
such as POPS, might potentiate neurotransmitter binding. 

The extracellular and transmembrane domains are covalently con- 
nected by the B10-M1 linker yet they also interact via contacts between 
the B1-B2 loop and the M2-M3 loop as well as contacts between the 
Cys-loop and the extracellular ends of the transmembrane helices. In- 
deed, the M2-M3 linker, the 81-82 loop and the Cys-loop are ‘hotspots’ 
of non-covalent bonds and steric interactions that have been extensively 
studied*®”*?°, During channel opening, as defined by the transition from 
the apo to the ivermectin-bound state, the M2—M3 loop shifts by more 
than 5 A away from the ion channel pore, as visualized by the movement 
of Pro 268 of the M2-M3 loop passing beneath Val 45 on the B1-B2 
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Figure 4 | The M2-M3 loop couples conformational changes between the 
transmembrane and extracellular domains. a, Superposition of the 
transmembrane region of the (—)-subunits for the apo (blue) and ivermectin 
(grey) states illustrates the relative movement of the transmembrane 
domains and the M2-M3 loop of the neighbouring (+)-subunit. b, Same 
superposition as in panel a, viewed approximately parallel to the membrane, 
showing the coupled movement of the 81-2 loop and the M2-M3 loop, 
emphasizing key residues Val 45, Pro 268 and Ile 273. c, d, Illustration of 
key residues forming hydrogen bonds and a salt bridge that connect the 
transmembrane and extracellular domains in the apo structure seen from 
two directions approximately parallel to the membrane. No salt bridge is 
formed between the pre-M1 linker and the B1-B2 loop (d). 


loop (Fig. 4a, b). In the ivermectin-bound conformation, Val 45 is lodged 
against Pro 268, thus providing a steric block on the M2-M3 loop and, 
in turn, stabilizing the M2 and M3 helices and the entire transmem- 
brane domain in an open pore conformation”. Furthermore, Pro 268 
is strictly conserved throughout the family of Cys-loop receptors, and 
mutations of this residue, as well as others nearby, have profound ef- 
fects on the channel gating and desensitization behaviour’”*. 

The extracellular end of the M3 helix interacts with the Cys-loop via 
a hydrogen bond between the carbonyl oxygens of Gln 135 and Pro 138 
and the amide nitrogens of Lys 274 and Ala 275, respectively (Fig. 4c). 
The Cys-loop itself is also stabilized by a backbone hydrogen bond bet- 
ween Tyr 136 and Met 139 and is coupled to the extracellular end of the 
M1 helix by a hydrogen bond between backbone atoms of Asp 140 and 
Arg 211, a salt bridge between the side chains of Arg 211 and Asp 140 
and the carbonyl oxygen of Tyr 137, as well as interactions between 
strands 87 and B10 (Fig. 4c, d)*’. All these interactions remain intact in 
the three GluCl conformations (Extended Data Fig. 8). Through this 
route movements of the M1 helix can be directly transmitted to the M3 
helix in the same subunit. Additionally, changes in the transmem- 
brane domain can be transmitted to the (+) side of the ligand binding 
site via the B7 and B10 strands. Nevertheless, we do not find evidence 
for a direct coupling between the B10-M1 linker and B1-f2 loop as in 
the bacterial orthologues’ and in the acetylcholine receptor”. Because 
the charged amino acids in the B1-f2 loop are replaced by Val 44 in 
GluCl, no salt bridge with Arg 211 can be formed (Fig. 4d). 

Global superpositions of pentamers from the apo, ivermectin and 
POPC-bound states illustrate quaternary conformational differences 
(Fig. 5, Extended Data Fig. 9 and Supplementary Movies 1 and 2). In the 
apo state the extracellular domains are separated by ~43 Aas measured 


336 | NATURE | VOL 512 | 21 AUGUST 2014 


a 43.0 A b 36.3A c 38.2A 
-——+ 7 I I 
ECD 
= fP 18.9A q 
= GF 
TMD K > 
= © @O 
KH ame 
9.8A 10.3A 14.7A 


Figure 5 | Conformational changes in the pentamer. a-c, Schematic 
illustration of the conformations of the apo-closed (a), ivermectin (b) and 
POPC-bound (c) states as seen in the plane of the membrane. 


at Thr 11 in helix 1 in two opposing subunits. The M2 helices are 
straight and oriented perpendicular to the plane of the membrane with 
distances of 12.6 A at Ser 265 (pore apex) and 9.8 A at Pro 243 (pore base) 
and the pore is occluded by the side chains of Leu 254. In the ivermectin- 
and POPC-bound states the upper parts of the extracellular domains tilt 
towards the pore in a motion resembling the closure of a blossom. The 
distances at helix 1 shrink to 36.3 A in the ivermectin-bound state and 
to 38.2 Ain the POPC-bound conformation (Extended Data Fig. 9a—c). 
The changes in the transmembrane domain are markedly different bet- 
ween the ivermectin- and the lipid-bound conformations. In the former 
case the M2 helices tilt away from the five-fold axis and the distance at 
the pore apex increases to 18.9 A while it remains nearly constant at the 
intracellular side. Helices M3 and M4 rotate clockwise around the cen- 
tre of the helix bundle resulting in an apparent overall clockwise rota- 
tion of the whole transmembrane domain of the receptor. In contrast, 
during the transition from the apo to the POPC-bound state the M2 
helices undergo a clockwise twist around the pore axis increasing the 
distance to 14.3 A and 14.7 A (pore apex and base), thus remaining 
straight. This quaternary structural change leads to an iris-like open- 
ing of the pore and causes M1 and M3 to be displaced in an anticlock- 
wise rotation with little displacement of M4 (Extended Data Fig. 9d-f). 

We hypothesize that the structures of GluCl in the apo and ivermectin- 
bound forms represent the closed/resting state and a potentially open/ 
activated state of a eukaryotic Cys-loop receptor, respectively, showing 
how the shut ion channel gate is defined by a hydrophobic belt of five 
leucine residues and how the possible opening of the ion channel pore 
involves the outward tilting of approximately straight M2 transmem- 
brane helices and the inward contraction of the extracellular domain 
(Fig. 5a-c). Accompanying these quaternary changes is a ‘bend/twist’ 
of each subunit at the junction of the extracellular-transmembrane do- 
main boundary, where the namesake Cys-loop acts like a ball in the socket 
of the extracellular end of the transmembrane domain, interactions fur- 
ther stabilized by the 810-M1 connection and by interactions between 
the M2-M3 and B1-B2 loops. The GluCl-POPC complex demonstrates 
how lipids can allosterically modulate Cys-loop receptor function, indu- 
cing an expanded, open-like conformation of the transmembrane do- 
main and potentiating agonist binding. Taken together, these studies 
provide motivation for future experiments and insight into the gating, 
modulation and structural plasticity of eukaryotic Cys-loop receptors. 


Online Content Methods, along with any additional Extended Data display items 


and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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CORRECTIONS & AMENDMENTS 


CORRIGENDUM 
doi:10.1038/nature13635 


Corrigendum: Palladium-catalysed 
C-H activation of aliphatic amines 
to give strained nitrogen 


heterocycles 


Andrew McNally, Benjamin Haffemayer, Beatrice S. L. Collins 
& Matthew J. Gaunt 


Nature 510, 129-133 (2014); doi:10.1038/nature13389 


The structure of compound 7b in Fig. 3e of this Letter has been cor- 
rected in Fig. 1 of this Corrigendum. 


Figure 1 | This figure shows the corrected structure of compound 7b in 
Fig. 3e of the original Letter. 
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CORRECTIONS & AMENDMENTS 


RETRACTION 
doi:10.1038/nature13661 


Retraction: Generation of 
pluripotent stem cells from adult 
human testis 


Sabine Conrad, Markus Renninger, Jorg Hennenlotter, 

Tina Wiesner, Lothar Just, Michael Bonin, Wilhelm Aicher, 
Hans-Jorg Buhring, Ulrich Mattheus, Andreas Mack, 
Hans-Joachim Wagner, Stephen Minger, Matthias Matzkies, 
Michael Reppel, Jiirgen Hescheler, Karl-Dietrich Sievert, 
Arnulf Stenzl & Thomas Skutella 


Nature 456, 344-349 (2008); doi:10.1038/nature07404 
corrigendum Nature 460, 1044 (2009); doi:10.1038/nature08353 


The authors have provided new data to correct errors presented in this 
Article. Nature has peer-reviewed all evidence provided by the authors 
to the editors. The images presented in the original version of the Article 
made the data appear more robust than newly conducted experiments 
show. The new data have brought to light that the original conclusions 
are not as robust as presented in the original paper. Nature does not 
dispute the main claim that the cells are pluripotent to some level, but 
the level of proof of pluripotency shown is not in line with regular cri- 
teria for such papers in Nature. Consequently, the authors have agreed 
to retract their manuscript. 
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Houston is hiring: Rice University and the University of Houston are among the institutions looking to expand their staff thanks to generous funding. 


Houston has lift-off 


Buoyed by state funding, biomedical sciences are booming in the Texan city. 


BY PAUL SMAGLIK 


Tons pride themselves on their state’s 
massive scale. So it is no surprise that 
Houston, the Lone Star State’s most 
populous city and the fourth largest in the 
United States, boasts a biomedical infrastruc- 
ture of impressive proportions. 

What is surprising, however, is the sheer den- 
sity of that infrastructure. The Texas Medical 
Center (TMC) is essentially a city of hospitals, 
clinics and medical-research labs — 59 institu- 
tions and organizations in all — jammed into 
544 hectares in southern Houston. Walking 
through what staff jokingly call “the world’s 
largest parking garage” (parking fees help to 
pay for the operating costs) feels like strolling 


through any dense urban centre — except that 
every building is a hospital, clinic, university or 
research institution. 

That size, plus a concentrated infrastruc- 
ture, serves as a magnet for patients, fund- 
ing and, increasingly, scientific recruitment. 
Houston's hospitals serve more than 6 million 
patients a year, and the University of Texas MD 
Anderson Cancer Center leads the nation in 
grant dollars won from the US National Can- 
cer Institute in Bethesda, Maryland. The city 
claims US$420 million from the $3-billion 
Cancer Prevention Research Institute of Texas 
(CPRIT), which since its inception has awarded 
36 grants worth $124 million for recruiting 
scientists, labs and companies to the city. 

“What's unique is we have such a high density 


of top-tier medical-research institutions in such 
a compact space,” says Ronald DePinho, presi- 
dent of MD Anderson. The mix of hospitals 
and academic institutions at the TMC provides 
a platform for growth in clinical research — such 
studies require a patient base and interdiscipli- 
nary research, which flourishes when neigh- 
bouring institutions collaborate. Nearby Rice 
University and the University of Texas provide 
a basic-research yin to the TMC’s clinical yang, 
and bolster the city’s interdisciplinary bona fides. 

DePinho, civic leaders and academics are 
proud of the city’s vast educational and clini- 
cal assets — the life and health sciences are the 
city’s second biggest industry after energy and 
oil — but they feel the lack of a major biotech- 
nology and pharmaceutical presence in > 
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> Houston. The region has had a robust his- 
tory of technology transfer in the life sciences, 
but has generated mostly licences, which pro- 
duce revenue, rather than biotechnology com- 
panies, which create jobs. Houston also needs 
to train young scientists to fill positions in bio- 
tech subfields such as technology transfer and 
intellectual property, or else recruit talent from 
outside the area. 

The city is beginning to address those needs. 
First, MD Anderson created the Center for Pro- 
fessional Development and Entrepreneurship in 
2012, giving young scientists training options 
beyond tenure-track careers. Then, last year, 
the University of Texas Health Science Center 
began changing the way it prepares graduate 
students for a changing work environment (see 
‘Avenues beyond academia’). 

In addition, Robert Robbins, chief execu- 
tive of the TMC, is leading a strategic plan to 
identify the region’s ‘connective tissue’ in terms 
of cooperative interdisciplinary research. The 
plan currently focuses on five research themes: 
clinical research, genomics, health policy, inno- 
vation and regenerative medicine. 

There are also tentative plans for a research 
facility that all TMC members could share, in 
the same way that the Broad Institute in Cam- 
bridge, Massachusetts, draws scientists from 
Harvard University and the Massachusetts 
Institute of Technology. “We need to pool our 
resources,’ Robbins says. If such a facility is 
built, it could mean hundreds of new positions, 
especially in the five key research themes. 


CULTURE OF SHARING 

TMC members have a history of sharing aca- 
demic resources, says George Stancel, an exec- 
utive vice-president at the University of Texas 
Houston. The ‘Green Sheet’ — a list of seminars 
and talks on the TMC campus — dates back to 
the 1970s, when the calendar was printed on 
green paper. “Any day of the week I can walk 
into a seminar or meeting at another medical 
school, cancer centre, hospital or academic 
centre and learn from those talks and presen- 
tations,’ Stancel says. This year the TMC added 
“The Lead (short for Leadership, Education 
and Career Development), which is a simi- 
lar service for professional development that 
includes workshops and presentations about 
non-academic careers. 

Houston's biomedical institutions also tend 
to share when recruiting talent. The current 
chair of neurosurgery at the Baylor College of 
Medicine is also chair of neurosurgery at MD 
Anderson and director of MD Anderson’s 
brain-tumour centre. The two institutions 
recruit jointly for this and other roles, which 
makes recruitment easier, especially when 
it involves bringing in entire institutes. For 
example, in 2011 the vaccine-development 
programme of the Sabin Vaccine Institute 
moved from Washington DC to co-locate at 
Baylor and Texas Children’s Hospital. 

Access to funding has given Houston 


AVENUES BEYOND ACADEMIA 


Houston students primed for a broad range of careers 


At the University of Texas Health Science 
Center at Houston (UT Health), incoming 
graduate students in the biomedical 
sciences face a week-long ‘boot camp’. 
Students are introduced to one another and 
to potential labmates and advisers, and are 
encouraged to set individual and career 
goals that can be used to match them 
with the best teams, says UT Health dean 
Michelle Barton. 

Boot camp is the first segment of a 
two-part programme that is designed to 


institutions an impressive track record in bring- 
ing world-class institutions to town. When Rice 
provost George McLendon went shopping for 
a computational centre that could simulate the 
inner workings of a cell, he identified the US 
National Science Foundation-funded Center 
for Theoretical Biological Physics at the Uni- 
versity of California, San Diego. The centre 
moved to Rice in 2011 after being offered 
$10 million in CPRIT funding. 


TALENT SCOUTS 
The move sent a message: Texas will spend 
money to secure talent, and the $3-billion 
CPRIT endowment means that this is not just 
talk. “It is a huge difference to say to a top per- 
son that our state is interested in jump-starting 
careers like yours in this area,’ says McLendon. 
That message has made it easier for Rice to 
recruit 30 or so faculty members a year, half 
of whom are in science or engineering. Over 
the next five years, Rice will seek early-career 
scientists in bioengineering, computational 
sciences and physics. 

Other Houston research institutions have 
had equal success in attracting talent. One of 
the latest recruits is David Sugarbaker, a cancer 


Biomedical science is booming in Houston. 
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prepare students for a broad range of career 
options. The second, ‘core’ segment, called 
the Foundation of Biomedical Sciences, 

is a 15-week seminar series that includes 

a literature review, laboratory workshops 
and a discussion of research findings. 
Barton and joint dean Michael Blackburn 
developed the programme two years ago 
after hearing a “tidal wave of concern” 
about future career paths from incoming 
students, only a small percentage of whom 
planned to stay in academia. P.S. 


researcher and mesothelioma specialist from 
Harvard Medical School and Brigham and 
Women’s Hospital in Boston, Massachusetts, 
who arrived at Baylor in March to build a com- 
prehensive lung-disease centre. Between now 
and 2019 Baylor plans to recruit 150 faculty 
members, says Paul Klotman, Baylor president 
and chief executive. 

The existence of CPRIT makes recruiting 
easiest in cancer-related fields. But if someone 
identifies a big fish in a field unrelated to can- 
cer, other state money can be tapped. Jan-Ake 
Gustafsson, one of the world’s foremost hor- 
mone researchers, was recruited in 2009 
from Stockholm’s Karolinska Institute with a 
$5.5-million grant to the University of Hou- 
ston through the Texas Emerging Technology 
Fund. His institute, the Center for Nuclear 
Receptors and Cell Signaling (CNRCS), is 
jointly supported by the university and Hou- 
ston Methodist Hospital. 

Moving the CNRCS meant hiring more 
staff, says Mary Ann Ottinger, associate vice- 
chancellor for research at the University of 
Houston — and in addition, in the next several 
years, the university plans to recruit 30 faculty 
members annually across all departments, 
buoyed by CPRIT and similar state funds. 

Houston is also attracting and launching 
biotechnology companies using funds from 
CPRIT and others, says Robert Harvey, presi- 
dent of the Greater Houston Partnership, the 
city’s economic-development arm. The organi- 
zation helped the London-based biotechnology 
company Cell Medica to open a Houston office, 
partly with the help of CPRIT money, Harvey 
says. And even if a company is not directly 
linked to cancer treatment, the partnership can 
access other incentives to help close the deal, 
such as the Texas Entrepreneurial Fund. 

Whether Houston buys life-science entre- 
preneurship or builds it, the momentum is 
growing. Like most things in Texas, it’s likely 
to get bigger. m 


Paul Smaglik is assistant editor of Nature 
Careers. 
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i Mom. So this is kind of weird! It’s 
H kind of like talking to myself, only 

ina closet! I’m joking, they make it 
nicer than a closet, there’s a great 
chair, and a mirror so I can look in 
the mirror when I talk and pretend 
I’m you. The audio guys here are 
really great. They made mea free 
cap (soy) because of the wait as 
security has to iris scan now after 
last week’s mob scene. Or else I 
bet the whole country would be 
here too! (Well, I know, the whole 
country can actually talk to you, 
they just have to go to their local 
mall booth and practically sell their 
kidney for some time.) 

What do all those strangers say 
to you? In episode 2, remember, 
you were sitting starboard listen- 
ing to messages and there was one 
from Idaho that made you blush? 
You sure have some fans down 
here! Dad says it’s because of your 
outfits. He threw a fit because 
marriage doesn't end when you 
leave the planet blah blah (in the 
previews for next season, there is a 
wedding on ship!? Will it be you?! 
I won't tell Dad). I have to watch 
what I say though because they 
could use this convo on the show 
or wherever if they feel like it. “Tl 
be honest. We probably wont feel 
like it,’ the audio guy said, giving 
me this weird look, but he made me sign 
the paperwork anyway. It wouldnt be fair 
to viewers if you had secret messages right? 

Anyhow school is good, the sun came out. 
That was my day! Can't wait to see you tonight! 


Hi. It looked like you were having this really 
nice time up there last night. Or is that just 
the editing? Do you talk about me lots and 
they leave those parts out? I looked at the 
show stats and there are mostly male viewers 
so maybe they think mother/daughter sappy 
talk (I love you I love you) would bore every- 
body to death (I love you). I wouldn't mind 
though, hint hint! I think it’s gruesome how 
the cameras are programmed to run until the 
end, when everybody's, you know, dead, or 
even after, but I bet the producers are think- 
ing big ratings for that. Maybe they can make 
it tasteful through special effects. (Sorry to 
be gruesome!) 


AWAY 


A message to the stars. 


I turned on every picture of you in the 
house. They are so old school and funny! 
Every time I enter a room you say: “Turn off 
the lights, pitch in!” Then you give a little 
wave like you really can see me. 


At school, do you remember Larry Fields? 
He pushed a mike in my face and asked how 
does it feel to be left behind. I told him what 
the heck, I wasn't left. He said actually I was. 
He said I’m the definition of being left then 
he zoomed in close on my face. He asked 
other questions and I told him my Mom isn't 
really responding to me so I have no idea. 
He called that angle “not very interesting” so 
the segment probably wont run on student 
news tonight. It would have been fun to be 
on TV, too. Bye! 


Hey Mom. Haven't heard from you. Are you 
sending me lots of messages only they get 
erased? Dad says you might be busy with 

the songs they want 


> NATURE.COM you to learn. 
Follow Futures: Last night we 
Y @NatureFutures watched your appli- 


Ei go.nature.com/mtoodm cation as the show 
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wasnt on. Okay, so we watched it ten times 
through. Do you still believe everything 
you said? The world is doomed blah blah 
all my potential going to waste blah let’s give 
people some hope and find alternatives up 
there blah blah. If that’s true about 
the world, why did you leave me 
here? People don’t think like that 
anymore, by the way. I mean were 
all still around, right? There are 
still a lot of animals, at least a lot of 
squirrels, for sure. Dad changed all 
of our light bulbs over to solar too. 
The new thing is being hopeful. 
Do you feel small up there? ’m 
kind of jealous of my voice, which 
gets to chase after you through space. 


Hello again! I asked the guy who 
does audio is my Mom getting 
this? He wiggled his eyebrows and 
said: “Oh sure she is”? Who knows 
what that means. The guy thinks 
it’s sweet I come here every day. 
He asked am I going to do this my 
entire life and I said yes. They bet- 
ter not go out of business, especially 
as ratings aren't so hot. Dad took 
the batteries out of your pictures. 
He said your voice was going funny. 
Maybe it’s better to buy nicer talkie 
frames next time? At least we can 
afford it now. 

Did you know you weren't com- 
ing back when you applied? I’m 
guessing you forgot to read over 
the details, there was a lot of paper- 
work, and when you got on the ship in that 
fancy gold outfit, doing your special kick- 
and-wave, the one we practised — it looked 
good, Mom — maybe you didnt realize you 
couldnt get back to us. I guess you are living 
your dream now, being famous etc. 

I wonder if you will meet anything out 
there. Is there a bonus if you do? Or if you 
find a planet to land on? Dad won't show 
me the contract. I guess that’s all for now. I 
miss you. Maybe someone will develop faster 
ships so in a year or two I can get on one 
and catch up with you. I wouldn't want to 
come back either then. Oops, 8.05, time to 
tune in. @ 
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